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 1 
General Introduction 
Research Background 
Conjugated Polymers. Conjugated polymers, such as polyacetylene, 
polyphenylenevinylene, polythiophene, polyfluorene, polyphenyleneethynylene are 
widely reported by many research groups in the worlds.1 p-Conjugated polymers consist 
of aryl groups have the extended p-conjugated fields in the polymer backbone. These 
polymers have some excellent properties, such as optical and electrical properties. The 
conjugated backbone can be substituted by many functional groups. For examples, the 
long alkyl chains enhance the solubility of the polymers in common organic solvents. 
Conjugated polymers containing chromophores in the main chains show various 
absorption and emission properties. Conjugated polymers with various functional groups 
are synthesized and their properties attract much attention in the application of photo- and 
electronic functional materials.  
Conjugated polymers possibly form higher-order structures in the solution and the 
solid states. The higher-order structures are induced by side chains, solvent polarities and 
chiral compounds. Conjugated polymers substituted with optically active groups are 
widely employed by many research groups and these materials are applicable to chiral 
separation materials, liquid crystals and chiral catalysts. The conjugation units in the 
polymer main chain regularly align due to chiral side chains to form chiral higher-order 
structures. There are two types of higher-order structures, helix and aggregate. A helix 
consists of one polymer chain, stabilized by intramolecular interaction. An aggregate 
consists of polymer molecules, stabilized by intermolecular interactions. These higher-
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order structures possibly lead to useful functions such as high thermal stabilities, 
electrical conductivities and so on.  
Poly(p-phenyleneethynylene) (1) and poly(phenylenevinylene) (2) have linear and 
zig-zag polymer backbones, tend to form aggregates based on p-stacking between the 
conjugated main chains. Polymer 1 and the derivatives are commonly prepared by the 
Sonogashira-Hagihara coupling of p-linked diethynyl compounds and dihaloarylene 
compounds with Pd-Cu catalyst. Polymer 1 and oligo(p-phenyleneethynylene)s 
substituted with ionic side chains,2–3 long alkyl chains,4–7 chiral groups (amino acids,8–9 
branched alkanes,10–13 glucose derivatives14–15) form higher-order structures, such as rod-
like aggregates2–5 and helical wrapping,16–17 consisting of single-walled carbon nanotube 
and poly(p-phenyleneethynylene), wherein the phenyleneethynylene main chain folds 
around the carbon nanotube surface, and this superstructure is stabilized by van der Waals 
interactions. Most of polymer 1 and the derivative form aggregates by adding poor 
solvents, and the aggregates are stabilized by intermolecular interactions such as 
hydrogen bonding and p-stacking. Meanwhile, polymer 2 and the derivatives are 
commonly prepared by the Heck reaction of divinyl compounds and dihaloarylene 
compounds with Pd catalyst. Polymer 218–23 and oligo(phenylenevinylene)24–25 aggregate 
to form various supramolecular architectures such as nanotapes, helical tubules, helices, 
vesicles in solution and film states. The formation of supramolecular architectures is 
controllable by solvent polarity. The helical assemblies stabilized by p-stacking between 
the aromatic parts are observed by absorption, emission, circular dicroism spectra, AFM 
and TEM analysis.24  
 3 
 
Poly(thiophene) (3),26, 27 poly(fluorene) (4),28–35 poly(o-phenyleneethynylene) (5) 
and poly(m-phenyleneethynylene) (6) have bent main chains. These polymers adopt trans 
zig-zag and/or helical conformations originating from the bent chains. 
Poly(alkylthiophene) (7)36–40 substituted at C-3 position and poly(alkylfluorene) (8)29–31 
substituted at C-9 position are prepared by the Yamamoto coupling polymerization with 
Ni(COD)2 as a catalyst. In solution state, these polymer main chains are twisted because 
of bulky substituents, leading to decrease of conjugation length. In solid and aggregated 
states, the polymers tend to form layered structures and the monomer units are planarly 
aligned. The absorption maxima are red-shifted, indicating the extension of the 
conjugation length. The supramolecular layers are stabilized by p-stacking between the 
aligned aromatic main chains and the van der Waals interaction between the side chains.  
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Poly(o-phenyleneethynylene) (5)41–49 and poly(m-phenyleneethynylene) (6)50, 51–55 
form foldamers consisting of three41–43, 45–49 and six56 phenyleneethynylene units per turn, 
respectively. The transition of extended conformation from foldamer is controllable by 
external stimuli such as solvent polarity and temperature. The conformational analysis of 
foldamers is reported by Moore,57–67 Hecht,44, 53, 55 and Tew.41, 43–47, 51 The transition and 
characterization of the secondary structures are observed by UV–vis, fluorescence and 
1H NMR spectroscopies. Moore and coworkers reported the nanostructures of the 
oligo(m-phenyleneethynylene) substituted with tri(ethynylene oxide).58 The extended 
linear chains are assembled into extended board like structures, further forming lamellar 
structures. On the other hand, foldamers stabilized by p-stacking and the interaction 
between the solvent and side chain form the tubular hexagonal arrangement. 
Chiral side chains and chiral additives induce one-handed helicity in the foldamers 
of o- and m-phenyleneethynylene polymers in solution state. Foldamers of polymers 
substituted with chiral alkyl groups (9),61, 68 ethylene oxide groups (10),59, 63, 69 and the 
other chiral groups57, 60, 70–73 consist of hydrophobic polymer main chains and the 
hydrophobic cavity. Sanda and coworkers synthesized the D-hydroxyphenylglycine based 
R
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poly(m-phenyleneethynylene aryleneethynylene) (11)74 and the L-tyrosine based poly(m-
phenyleneethynylene aryleneethynylene) (12).75 These polymers form predominantly 
one-handed helical foldamers in nonpolar solvent, stabilized by an amphiphilic balance 
opposite to that of previously reported poly(m-phenyleneethynylene) derivatives. The 
inner cavities of the foldamers consist of hydrophilic hydroxy groups and the exterior 
consist of hydrophobic alkyl chains. The helix conformation of the optically active 
poly(m-phenyleneethynylene)s is not only stabilized by intramolecular interactions, such 
as hydrogen bonding and p-stacking interactions and solvophobic forces, but also 
amphiphilic balance between the inner cavities and the exteriors. The helix sense bias of 
the helical foldamers is controllable by solvent, temperature and pH. Controlled helix 
senses are observed by CD, UV–vis and fluorescence spectroscopies.  
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Conjugated polymers containing transition-metals.  
Conjugated polymers containing transition-metal have been widely studied for more 
than 50 years. Since the first report of poly(vinylferrocene) (13) in 1955, metal-containing 
polymers have attracted much attention because of their excellent optical, electric, 
physical and catalytic properties. Metal-containing polymers are applicable for 
semiconductors, solar cells, catalysts and photovoltaic devices. There are a two types of 
metal-containing polymers, side-chain type and main-chain type.76 The former has the 
transition metal complex in the side chain and the later has it in the main chain. The main-
chain type polymer is classified into three types; poly(metallocence)s,77 polymers 
connected with metal-ligand bonds,78 polyynes consisting of C–M bonds.79 
Poly(metallocene) is a typical example of a main chain type polymer. In the 1960s, 
poly(metallocence)s are synthesized by free-radical method in the presence of the radical 
source. Recently, ring-opening metathesis polymerization of ferrocene derivatives with 
Mo and Ru catalyst gave poly(ferrocenylenevinylene).80 Various ferrocene-containing p-
conjugated polymers including ferrocene-containing para-phenylene (14), 
oligophenylene (15), thienylene (16), fluorene (17) are synthesized, and their redox and 
thermal properties are investigated.81–83 The other poly(metallocene)s, such as 
cobaltocence–containing polymer (18)84 and half metallocene-containing polymer (19),85 
are synthesized.  
Fe
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Fe
n
C12H25
C12H25
Fe
n
13 14 15
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Various A-A type monomers having ligands at the both ends coordinate to metals to 
form coordinated metallopolymers have been reported.86–91 Terpyridine (20)88 and 
benzimidazolylpyridine (21)87 ligands form highly stable complexes with transition 
metals such as Zn and Fe. Phenyleneethynylene, phenylenevinylene, thiophene and 
fluorene are employed as conjugated spacer units linking ligands at the both ends. These 
polymers are expected as photophysically, electrochemically, catalytically and 
magnetically functional materials.  
Polyyne polymers contain –CC–M–CC– units in the main chain. Polyyne Pt and 
Pd containing polymers (22)92 are firstly reported by Sonogashira, Hagihara and 
coworkers in the 1970s.  These polymers have phenyleneethynylene or butadiyne 
conjugated units in the main chain. Platinum-containing polyyne polymers with various 
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conjugated units such as phenylene, thienylene,93 fluorene,94 calbazole,95–96 quinone 
derivetives,97–98 azobenzene,99 bithiazole100–101 are reported. A wide variety of metal-dyne 
complexes, such as mercury (23),102–103 ruthenium (24)104 and tungsten (25)105 are 
introduced into the polymer backbone of polyyne polymers.  
 
Platinum-containing oligomers and polymers.  
Platinum-containing oligomers and polymers with p-conjugated parts have cis or 
trans platinum center in the main chain. Songashira, Hagihara and coworkers synthesized 
polymers containing platinum complexes ligating tributylphosphine with all trans 
configuration, adopting a rigid rod-like conformation in the solution state.92 Such 
oligomers and polymers are prepared by dehydrohalogenation of metal halides and 
terminal acetylene derivatives using cupper halide as a catalyst in amines. The 
configuration of the platinum center is determinable by 31P NMR spectroscopy. Namely, 
the coupling constants of cis dichloroplatinum complexes are commonly larger than 3,000 
Hz, while those of trans complexes are smaller than 2,500 Hz.106 On the other hand, the 
coupling constants of cis diethynylplatinum complexes are around 2,600 Hz and those of 
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trans counterparts are around 2,300 Hz.107 Cis and trans platinum complexes exist as a 
square planer structure, and show triplet excitons and phosphorescence. These complexes 
attract much attention because of the unique features and applicability for polymeric 
LEDs, solar cells and nonlinear optical materials. Schanze and coworkers have 
investigated singlet and triplet excited platinum-containing oligomers and polymers.108–
115 The length of phenyleneethynylene units of platinum-containing oligomers (26)108 
affect the maximum absorption of p-p* transition and intensity. The conjugation of 
platinum-containing oligomer becomes maximum when the number of 
phenyleneethynylen units is six. The maximum wavelength of the oligomers shows the 
similar trends, while the phosphorescence signals are not affected by the length of the 
repeating units.  
Platinum-containing oligomers end-capped with naphthalene diimide units (27)115 
are synthesized and their optical properties are examined. Naphthalene diimide units are 
introduced to trap triplet excitons. The dynamics of electron and triplet exciton transport 
along the conjugated main chain are observable by fast time-resolved pulse radiolysis and 
laser flash photolysis methods. The site-to-site hopping mechanism of triplet exciton in 
Pt H
PBu3
PBu3 n
26 n = 1–5, 7
N NC8H17
O O
O O
Pt N N C8H17
O
OO
OPBu3
PBu3 n
n = 2, 3, 6, 1027
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the platinum-containing phenyleneethynylene oligomers is an incoherent movement 
along the delocalized conjugated main chain.  
Some platinum-containing oligomers and polymers form higher-order structures in 
the solid and solution states. Platinum-containing oligomers with trimethylphosphine 
ligands and long alkyl chain (28)116 form aggregates and gels in the solution states. In 
hydrocarbon solvents, the oligomers are assembled to form H-aggregates, which are 
stabilized by p-p stacking interactions between the phenylene moieties. The oligomers 
do not form a triplet excimer in the aggregated gel state. On the other hand, energy 
transfer is observed between the oligomers in the mixed oligomer system. A linear 
platinum-containing oligomer ligating triethylphosphine (29)117 cannot form gels, 
indicating that the bulkiness of the phosphine ligands affects the formation of aggregates 
and gels. A rectangular shaped oligomer (30)117 forms thermally stable gels in nonpolar 
solvents and a few polar solvents. A branched platinum-oligomer bearing a 
tetraphenylene core (31)118 forms aggregates showing aggregation-induced emission 
enhancement behavior in CH2Cl2/hexane mixed solvent. 
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Some palladium- and platinum-containing poly(phenyleneethynylene)s (32)119 adopt 
a helical conformation. The polymers are synthesized by the coupling reaction of 2,6-
diethynyl-4-nitroaniline and dichlorometal complexes substituted with tri-p-
tolylphosphine using cupper iodide catalyst in diethylamine. The polymers fold into a 
helix in nonpolar solvents. The amino and nitro groups exist at the interior and exterior 
sites of the helix, respectively, which are confirmed by NMR and IR spectroscopies, and 
XPS analysis. Takahashi and coworkers have reported the secondary structures of 
palladium- and platinum-containing polymers bridged by enantiomerically pure 1,1’-
binaphthyl derivatives (33, 34).120–121 The polymers form predominantly one-handed 
helices. These results indicate that helical polymers containing platinum in the main chain 
can be created by chiral acetylene ligands derived from 1,1’-binaphthyl compounds. 
Yashima and coworkers have reported the successful control of double helix 
transformation of platinum(II) acetylide complexes (35)122 by ligands exchange reaction 
and treatment with iodine. The chiral amidine dimers are linked by trans-Pt(II)-PPh3 
complex, and cis-Pt(II)-bis(diphenylphosphino)ethynylene forms a chiral double helix. 
The helix formation of platinum-containing complexes is affected by the trans/cis 
configuration of the platinum center.  
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Ligand Effect and Ligand Exchange Reaction of Platinum Complex.  
Phosphine is a trivalent phosphorous compound. Phoshine-containing compounds 
coordinate to transition metals using the phosphine lone pair electrons as s-electron 
donating ligands to form organometallic complexes.123–126 Phosphine ligands, PR3 (R = 
organic parts) largely affect the nature of organometallic complexes. Molecular design of 
PR3 considering the electron density and bulkiness enables the control of catalytic activity 
and selectivity of organometallic complexes ligating PR3.127–128 There are many kinds of 
platinum complexes with phosphine ligands including trimethyl, triethyl, tributyl and 
triphenylphosphines. Shashidhar and coworkers have investigated the ligand effect of 
platinum acetylides (36),129 whose UV and IR absorptions, and current-voltage 
characteristics are controllable by phosphine ligands. Platinum acetylides (37)130 ligating 
trialkylphosphines are synthesized, and the aggregation behavior is investigated. Less 
bulky trimetylphosphine ligand induces the formation of supramolecular assemblies and 
gels, while bulky phosphine ligands with long alkyl chain does not induce such 
assemblies. The bulkiness of phosphine ligands plays an important role on the secondary 
structures of organometallic compounds.  
PtPt
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The configuration at the platinum center is controllable by phosphine ligands. 
Complexes with monophosphine ligands tend to adopt trans configuration, while 
complexes with diphosphine ligands tend to adopt cis configuration. Gladysz and 
coworkers have reported the ligand exchange reaction of platinum-containing oligomers 
ligating triphenylphosphine (38).131–133 The exchange of triphenylphosphine with 
diphosphine ligand gives bridged platinum complexes. This reaction smoothly and 
completely occurs under mild conditions. Tykwinski and coworkers have synthesized a 
platinum acetylide with chiral diphosphine ligands using this ligand exchange reaction.134 
Chirality transfer takes place from the diphosphine ligand to the framework of the 
platinum acetylide complexes. The ligand exchange reaction is used for controlling the 
secondary structures. The addition of chiral diphosphine ligands to metallomacrocycle 
(39-41) solutions causes the transformation of configuration of the platinum center from 
trans into cis showing optical activities.134–136 A double helical conformation with trans 
platinum parts (35)122, 137 transforms into another double helical conformation with cis 
platinum parts. Thus the ligand exchange reaction is a useful method to control the 
secondary structures of metallomacrocycles, organometallic oligomers and polymers.   
Pt
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Objective of This Thesis 
As described above, platinum-containing polymers have attracted much attention 
because of the useful optical and electric features. Polymers linked by rigid rod and bent 
conjugated moieties such as p- and m-phenyleneethynylenes are expected to form higher-
order structures accompanying arrangement of platinum atoms with regulated patterns. 
Various phosphine ligands and the ligand exchange reaction can be employed for 
controlling the secondary structures and the properties.  In this thesis, the author designs 
and synthesizes novel platinum-containing p- and m-poly(phenyleneethynylene)s and 
examines the chiroptical properties, aggregation behavior, ligand effect and ligand 
Pt Pt
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40 41
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exchange reaction at the polymer main chains. 
 
Outline of This Thesis 
The present thesis consists of three parts: Part I (Chapters 1 and 2), Part II (Chapters 
3 and 4). In Part I, the author designs and synthesizes novel polyphenyleneethynylenes 
containing platinum complex substituted with tributyl phosphine, and examines the helix 
and aggregate conformation. The author investigates the chiroptical properties of the 
polymer main chain induced by chiral side chain, and effect of substituents on the 
chiroptical properties and aggregation behavior. 
 
Chapter 1 demonstrates the synthesis and properties of D-hydroxyphenylglycine-
based polyphenyleneethynylenes containing platinum in the main chain. The higher-order 
structures of the polymers are determined by CD and UV–vis spectra measured in various 
solvent. In THF/MeOH mixed solvent, the polymer forms an aggregates with 94 nm 
particle size. On the other hands in THF/toluene mixed solvent, the polymer adopts one-
handed helical conformation. 1H NMR analysis reveals the interaction of hydrogen 
bonding between polymer side chain. The small particles with 30–40 nm are observed by 
AFM images of polymer films, suggesting the formation of chiral aggregate like 
hexagonal helical stacks.  
 16 
 
Chapter 2 describes the synthesis of the platinum-containing 
polyphenyleneethynylenes with various chromophores such as phenylene, naphthalene 
and anthracene. The effect of p- or m-phenyleneethynylene linkages connected the 
platinum complex with chromophores on the chiroptical and aggregation properties is 
examined by UV–vis and FL spectroscopies, and DLS analysis, together by DFT 
calculations of the model compounds.  
 
In Part II, the author synthesizes optically active platinum–containing 
polyphenyleneethynylenes with various phosphine ligands, and examines the ligand 
effect on the chiroptical properties and the secondary structures. Chapter 3 mentions the 
synthesis and properties of optically active poly(m-phenyleneethynylene)s containing 
platinum substituted with various phosphine ligands. UV–vis spectroscopic analysis 
suggests that the aromatic phosphine affects the conjugation length of the polymer main 
Ar BrBrnPt
PBu3
PBu3
Pt
PBu3
PBu3
Ar
n
n
Ar = , ,
Pd–Cu cat.
I I
O
H
NO
O
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O
n
O
H
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Pd–Cu cat.
n Pt
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R1 = O CH3NH
C6H13
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Pt
Bu3P
PBu3
R2 = H, CH3
,
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chain. CD and UV–vis spectroscopic analysis reveals that the chirality of the secondary 
structures is affected by the phosphine ligands. The changes of the fluorescence spectra 
of polymer solution are detected by FL spectroscopy.  
 
Chapter 4 deals with the ligand exchange reaction of the platinum-containing 
compounds and polymers. The mechanism of the ligand exchange reaction of platinum 
acetylide is clarified by 1H NMR spectroscopic and SEC analysis of the model 
compounds. The UV–vis and 31P NMR spectroscopic analysis reveals the isomerization 
behavior of the platinum center, and the conjugation length of the platinum moieties with 
cis and trans configurations. The secondary structures of the polymers before and after 
the reaction with diphosphine ligands are examined by CD and UV–vis spectroscopic 
measurements. The configuration changes of the polymer main chain are also monitored 
by 31P NMR and UV–vis spectroscopies.  
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Chapter 1 
 
 
 
Synthesis of Optically Active Conjugated Polymers Containing Platinum in the Main 
chain. Control of the Higher-Order Structures by Substituents and Solvents 
 
 
 
 
 
Abstract 
The Sonogashira-Hagihara coupling polymerization of D-hydroxyphenylglycine-
derived diiodo monomers 1–4 and platinum-containing diethynyl monomer 5 gave the 
corresponding polymers [poly(1–5)–(2–5)] with number-average molecular weights of 
19,000–25,000 quantitatively. The polymers were soluble in CHCl3, CH2Cl2, THF and 
DMF. CD and UV-vis spectroscopic analysis revealed that amide-substituted polymers 
[poly(1–5) and poly(2–5)] formed chiral higher-order structures in solution, while ester-
substituted polymers [poly(3–5) and poly(4–5)] did not. Poly(1-5) formed one-handed 
helices in THF/toluene mixtures, while it formed chiral aggregates in THF/MeOH 
mixtures. Poly(1-5) emitted fluorescence with quantum yields ranging from 0.8 to 1.3%. 
The polymers usually aggregated in the solid state. 
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Introduction 
Poly(phenyleneethynylene)s1 have attracted considerable attention because of 
their useful properties: rigid-rod or bent structures, optical nonlinearity, 
photoconductivity and fluorescence emission. Poly(m-phenyleneethynylene)s substituted 
with optically active groups2 tend to form chiral higher order structures, i.e., 
predominantly one-handed helices or chiral aggregates, due to the small mobility of the 
conjugated main chains and solvophobic effects. In some cases, the higher order 
structures are further stabilized by intra- and/or intermolecular interactions, such as 
hydrogen bonding and p-stacking.3 Poly(metalloaryleneethynylene)s containing 
transition metals such as palladium, nickel, platinum (Pt) show remarkable electric and 
photonic functions.4 The polymers attract considerable attention not only because of their 
photoelectric features but also because of their applicability to semiconductors and 
photovoltaic devices.5 Since the first report on Pt-containing poly(ethynylene) and 
poly(phenyleneethynylene) by Hagihara and coworkers in the 1970s,6 Pt-containing 
conjugated polymers7 have been the most extensively studied due to their relatively easy 
synthesis and high stability.5 In recent years, various efforts have been made to synthesize 
Pt-containing polyynes containing square planar –CºC–PtL2–CºC– (L = ligand) units in 
their backbones with various arylene groups,5b,5e,8 and to determine their photophysical, 
redox and structural properties, including their tendency to form supramolecular 
aggregates.9 On the other hand, only a few investigations have been made concerning the 
chirally ordered secondary structures of Pt-containing polyynes.10 In this paper, we report 
the synthesis of novel hydroxyphenylglycine-derived conjugated polymers containing Pt 
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in the main chain, and an investigation of the higher-order structures and the photoelectric 
properties of the resulting polymers. 
 
Experimental Section  
Measurements. 1H (400 MHz), 13C (100 MHz) and 31P (162 MHz) NMR spectra were 
recorded on a JEOL ECA-400 or a JEOL ECS-400 spectrometer. IR spectra were 
measured on a JASCO FT/IR-4100 spectrophotometer. Melting points (mp) were 
measured on a Yanaco micro melting point apparatus. MALDI-TOF mass spectra were 
acquired with a Shimadzu AXIMA Confidence mass spectrometer under the following 
conditions. Matrix: 1,8-dihydroxy-9-anthracenone, a-cyano-4-hydroxycinnamic acid 
and 2,5-dihydroxybenzoic acid, mass range: m/z 1–6,000, mode: linear (positive), laser 
power, 65–120 mV. Number- and weight-average molecular weights (Mn and Mw) of 
polymers were determined by SEC (TSK gel a-3000) with a solution of LiBr (10 mM) in 
N,N-dimethylformamide (DMF) as the eluent at 40 °C using polystyrene calibration 
standards. CD and UV–vis absorption spectra were recorded on a JASCO J-820 
spectropolarimeter. Dynamic light scattering (DLS) measurements were performed using 
a Malvern Instruments Zetasizer Nano ZSP at 20 °C. The measured autocorrelation 
function was analyzed using the cumulant method. The Z-average values of the polymers 
were calculated from the Stokes-Einstein equations. The AFM measurements were 
performed using an Agilent 5100 microscope in air at ambient temperature with silicon 
cantilevers (NanoWorld, NCH) in the tapping mode. The Pico Image processing program 
was used for the image analysis.  
 32 
Monomer Synthesis. 3’,5’-Diiodo-4’-methoxy-N-a-tert-butoxycarbonyl- D-
phenylglycine hexylamide (2). This compound was synthesized in a manner similar to the 
method reported for 1.11 Mp 111–112 °C. IR (KBr): 3305, 3072, 2959, 2930, 2858, 1685, 
1649, 1540, 1522, 1465, 1417, 1392, 1366, 1313, 1250, 1170, 1057, 1026, 993, 917, 876, 
817, 764, 707 cm–1. 1H NMR (400 MHz, CDCl3): d 0.84 (t, J = 4.8 Hz, 3H, –CH2CH3), 
1.21–1.48 [m, 17H, –C(CH3)3, (CH2)4], 3.17–3.22 (dq, J = 5.1 Hz, 2H, –NCH2–), 3.81 (s, 
3H, OCH3), 5.34 (m, 1H, OCONH), 6.20 (s, 1H, C*H), 6.82 (m, 1H, – NHCO), 7.75 (s, 
2H, Ar). 13C NMR (100 MHz, CDCl3): d 14.1 [–CH2CH3], 22.6, 26.5, 28.5, 29.4 [(CH2)4], 
31.5 [–C(CH3)3], 40.0 [–NCH2–], 56.1 [C*H], 60.7 [OCH3], 80.6 [–C(CH3)3], 90.9, 138.2, 
138.3, 155.5 (Ar), 158.5 (CONH), 169.5 (OCONH). MALDI-TOF MS. (m/z): [M + H]+ 
calcd for C35H39N2O4, 617.03; found, 617.57. 
 
3’,5’-Diiodo-4’-methoxy-N-a-tert-butoxycarbonyl-D-phenylglycine methyl ester (4). 
This compound was synthesized in a manner similar to the method reported for 3.12 Mp 
53–55 °C. IR (KBr): 3367, 3060, 2975, 2955, 2847, 1739, 1702, 1577, 1522, 1462, 1437, 
1414, 1393, 1367, 1349, 1289, 1251, 1219, 1161, 1052, 1028, 992, 929, 910, 881, 856, 
818, 782, 773, 760, 734, 705 cm–1. 1H NMR (400 MHz, CDCl3): d 1.43 [s, 9H, –C(CH3)3], 
3.74 (s, 3H, OCOCH3), 3.93 (s, 3H, OCH3), 5.20 (m, 1H, OCONH), 5.66 (s, 1H, C*H), 
7.65 (s, 2H, Ar). 13C NMR (100 MHz, CDCl3): d 28.3 [–C(CH3)3], 53.4 [OCOCH3], 55.6 
[C*H], 60.6 [OCH3], 80.6 [–C(CH3)3], 90.8, 131.5, 138.4, 154.6 (Ar), 158.9 (CONH), 
170.5 (OCONH). MALDI-TOF MS. (m/z): [M + K]+ calcd for C35H39N2O4, 585.94; 
found, 585.27. 
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Polymerization. All polymerizations were carried out in a glass tube equipped with a 
three-way stopcock under argon. In a typical experiment, a solution of Pd(PPh3)2 (5.7 mg, 
5 µmol) in THF (0.4 mL) and a solution of CuI (0.95 mg, 5 µmol) in Et3N (0.6 mL) were 
added to a mixture of monomers 1–4 (0.05 mmol) and 5 (0.05 mmol) under argon, and 
the resulting solution was kept at 60 °C for 24 h. Then, the reaction mixture was poured 
into a large volume of hexane to precipitate the polymer. It was separated by filtration 
using a membrane filter (ADVANTEC H100A047A) and dried under reduced pressure.  
 
Spectroscopic Data of the Polymers. Poly(1-5): IR (KBr): 3423, 2957, 2928, 2871, 2840, 
2793, 2763, 2681, 2479, 2096, 1718, 1677, 1656 cm–1. 1H NMR (400 MHz, CDCl3): d 
0.80–0.94 (br, 21H, –CH2(CH2)4CH3, –CH2(CH2)2CH3), 1.13–1.48 [br, 41H, –C(CH3)3, 
(CH2)4, (CH2)2], 3.13–3.22 (br, 14H, –CH2(CH2)4CH3, –CH2(CH2)2CH3), 5.12 (br, 1H, 
NHCO), 5.59 (br, 1H, C*H), 5.94 (br, 1H, OCONH), 6.82–7.75 (br, 11H, OH, Ar). 31P 
NMR (162 MHz, CDCl3): d 3.88 [J(Pt-P) = 2340 Hz]. Poly(2-5): IR (KBr): 3433, 2954, 
2925, 2870, 2792, 2760, 2680, 2478, 2093, 1718, 1677, 1655 cm–1. 1H NMR (400 MHz, 
CDCl3): d 0.80–0.94 (br, 21H, –CH2(CH2)4CH3, –CH2(CH2)2CH3), 1.43–1.48 [br, 41H, –
C(CH3)3, (CH2)4, (CH2)2], 3.13–3.19 (br, 14H, –CH2(CH2)2CH3), 4.12 (s, 3H, OCH3), 
5.00 (br, 1H, NHCO), 5.59 (br, 1H, C*H), 5.87 (br, 1H, OCONH), 6.82–7.75 (br, 11H, 
Ar). 31P NMR (162 MHz, CDCl3): d 3.91 [J(Pt-P) = 2378 Hz]. Poly(3-5): IR (KBr): 3422, 
2956, 2927, 2870, 2793, 2763, 2680, 2478, 2095, 1718, 1677, 1656 cm–1. 1H NMR (400 
MHz, CDCl3): d 0.81–0.94 (br, 18H, –CH2(CH2)2CH3), 1.22–1.49 [br, 33H, –C(CH3)3, 
(CH2)2], 2.05–2.30 (br, 12H, –CH2(CH2)2CH3), 3.73 (s, 3H, OCOCH3), 5.37 (br, 1H, 
 34 
C*H), 5.62 (br, 1H, OCONH), 6.77–7.74 (br, 11H, OH, Ar). 31P NMR (162 MHz, CDCl3): 
d 3.88 [J(Pt-P) = 2343 Hz]. Poly(4-5): IR (KBr): 3434, 2960, 2923, 2760, 2680, 2478, 2092, 
1719, 1677, 1655 cm–1. 1H NMR (400 MHz, CDCl3): d 0.85–0.94 (br, 18H, –
CH2(CH2)2CH3), 1.25–1.49 [br, 33H, –C(CH3)3, (CH2)2], 2.05–2.23 (br, 12H, –
CH2(CH2)2CH3), 3.75 (s, 3H, OCOCH3), 4.12 (s, 3H, OCH3), 5.25 (br, 1H, C*H), 5.58 
(br, 1H, OCONH), 6.77–7.74 (br, 10H, Ar). 31P NMR (162 MHz, CDCl3): d 3.91 [J(Pt-P) 
= 2343 Hz]. 
 
Computation. All calculations were performed with the GAUSSIAN 09 program,13 
EM64L-G09 Rev C.01 and D.01, running on the supercomputer system at the Academic 
Center for Computing and Media Studies, Kyoto University. The HOMO-LUMO energy 
levels were calculated by the DFT14 method with the B3LYP functional14 in conjunction 
with the LANL2DZ15 basis set for Pt and the 6-31G* basis set for the other elements. The 
integral equation formalism variant (IEFPCM) method was employed for the self-
consistent reaction field (SCRF) to take into account solvent effects.16 
 
Results and Discussion 
Polymerization. The Sonogasira-Hagihara coupling polymerization of 1–4 with 5 was 
carried out using Pd-Cu catalyst in a THF/Et3N mixture at 60 °C under argon for 24 h 
(Scheme 1). The corresponding polymers [poly(1-5)–poly(4-5)] with Mn’s ranging from 
19,000 to 25,000 were obtained quantitatively as listed in Table 1. The IR and 1H NMR 
spectra of the polymers were very consistent with the structures linked by ethynylene 
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coordinated to the Pt center (Figures S1–S5). The configuration of the Pt moiety in the 
polymer main chain was examined by 31P NMR spectroscopy. The 31P NMR signal of 
phosphine groups coordinating to Pt was split into a triplet. The present polymers 
exhibited a triplet 31P signal (J = 2,350 Hz) at –20 ppm. Commonly the coupling constant 
of the cis-configuration was around 3,500 Hz, and that of the trans-configuration was 
around 2,500 Hz.17 Consequently, it was concluded that the polymers have trans 
configuration at the Pt center in the backbone, and that no trans-cis isomerization takes 
place during the polymerization. In the IR spectra of the polymers, a strong band was 
observed around 2,100 cm–1, which is characteristic of the CºC triple bond stretching of 
Pt(II)-acetylide compounds (Figure S1).18 The Pt moieties were intact under the 
polymerization conditions, and presumably did not disturb the Pd-Cu catalytic cycle of 
the Sonogashira-Hagihara coupling reaction at all, judging from the quantitative polymer 
yield and moderately high molecular weights. The IR absorption peaks of the polymer 
were broader than those of monomer 5. 
 
Scheme 1. Sonogashira–Hagihara coupling polymerization of 1–4 with 5.   
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Table 1. Sonogashira-Hagihara Coupling Polymerization of 1–4 with 5 a 
monomer Yields b Mn c Mw/Mn c 
1 quant. 19,000 1.8 
2 quant. 21,000 2.1 
3 quant. 20,000 1.7 
4 quant. 25,000 1.8 
a Conditions: [1–4]0 = [5]0 = 0.05 M in THF/Et3N = 2/3, [Pd(PPh3)4]/[CuI] = 1/1, 
[M]0/[Pd(PPh3)4] = 10, 60 °C, under Ar, 24 h. b Isolated by precipitation with hexane. c 
Estimated by SEC (10 mM LiBr solution in DMF, polystyrene standards). 
Chiroptical Properties of the Polymers in Solution. The CD and UV–vis spectra of the 
polymer samples were measured to obtain information on the chiroptical properties. All 
the polymers exhibited lmax around 370 nm, indicating that the substituents hardly 
affected the conjugation length, as supported by the very small difference of HOMO–
LUMO band gaps between the model compounds calculated by the DFT method (Table 
S1). Figure 1 depicts the CD and UV–vis spectra of poly(1-5) measured in THF/MeOH 
and THF/toluene at various compositions.19 Negligibly small CD signals were observed 
in THF/MeOH = 10/0 and 5/5, while intense CD signals were observed at the absorption 
region of the main chain chromophore around 320–420 nm when THF/MeOH 
composition was 1/9. The UV–vis absorbance was small in THF/MeOH = 1/9 compared 
with those in THF/MeOH = 10/0 and 5/5. In THF/toluene, the CD intensity gradually 
increased with increasing toluene content, accompanied by a small decrease of the UV-
vis absorbance. Poly(m-phenyleneethynylene)s formed aggregates or folded into a helical 
structures under certain conditions.20 The lmax of UV-vis absorbance of 
poly(phenyleneethynylene)s commonly depends on the conformation (random coil and 
helix),21 while the lmax values of the present polymers in helix and aggregated forms are 
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not so different. One possible reason is the presence of amide groups, which suppress the 
molecular mobility of the polymers by forming inter/intramolecular hydrogen bonding, 
resulting in the almost the same lmax values irrespective of the helix and aggregated forms. 
We also measured the CD and UV–vis spectra of poly(1-5) before and after filtration of 
the sample solutions (THF/MeOH = 1/9 and THF/toluene = 1/9) using a membrane filter 
with a pore size of 0.45 µm. The intensities of the CD and UV–vis signals were 
maintained after filtration (Figure 2). It was suggested that there was no aggregate larger 
than 0.45 µm in either of the mixed solvents of THF/MeOH = 1/9 and THF/toluene = 1/9. 
On the other hand, a clear difference was confirmed between the two solutions by DLS 
measurement. Namely, the presence of particles with Z-average of 94 nm was detected in 
the solution of poly(1-5) in THF/MeOH = 1/9, while no particles were detected in the 
solution of poly(1-5) in THF/toluene = 1/9, or the pure THF solution (Table 2). These 
results indicate that poly(1-5) forms chiral aggregates in THF/MeOH = 1/9 and a one-
handed helix in THF/toluene = 1/9. Poly(1-5) exhibited similar CD patterns in 
THF/MeOH and THF/toluene mixed solvents, but the CD patterns are not completely the 
same. In THF/MeOH = 1/9, the lmax (362 nm) of the UV–vis absorption spectra does not 
agree with the linflection point (351 nm) of the CD spectra, indicating that the CD pattern is 
not caused by simple exciton coupling but by several chiral transitions based on the 
aggregated structure, Although the detailed conformation is unclear at the moment. On 
the other hand in THF/toluene = 1/9, the UV–vis lmax (366 nm) almost agrees with CD 
linflection point (364 nm), indicating that the split CD pattern is caused by exciton coupling 
based on the unimolecular helix structure. 
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Table 2. DLS Measurement of Poly(1-5)–Poly(4-5) a 
polymer Z-average (nm) PDI 
poly(1-5)  94 0.152 
poly(2-5) 104 0.085 
poly(3-5)  84 0.099 
poly(4-5) 322 0.124 
a Measured in THF/MeOH = 1/9, c = 0.02 mM at 25 °C. 
Poly(2-5) exhibited intense CD signals in THF/MeOH = 1/9 (Figure S7) with a 
pattern similar to that of poly(1-5), while poly(3-5) and poly(4-5) exhibited no signal in 
the mixed solvent (Figures S8 and S9). In contrast to poly(1-5), poly(2-5) exhibited weak 
CD signals at 300–350 nm in THF/toluene (Figures S7). Poly(3-5) and poly(4-5) 
exhibited no CD signal in the mixed solvent (Figures S8 and S9). As summarized in Table 
2, particles with Z-averages ranging from 84 to 322 nm were detected in THF/MeOH 
solutions of poly(2-5)–poly(4-5). No particles were detected in THF/toluene solutions of 
the polymers. These results indicate that all the polymers including poly(1-5) form 
aggregates in THF/MeOH, and the degree of chirality is as follows: poly(1-5) > poly(2-
5) >>> poly(3-5), poly(4-5). In THF/toluene mixtures, poly(2-5) may fold into a helix, 
wherein the degree of chirality is smaller than that of poly(1-5). We can conclude that 
poly(1-5) is the most capable of forming chiral higher order structures, and poly(2-5) is 
the second. We propose that the amide groups are indispensable for stabilizing the higher 
order structures due to the formation of inter- and intramolecular hydrogen bonds. The 
phenolic hydroxy groups may also contribute to stabilize the secondary structure, 
especially in THF/toluene mixtures, presumably due to the achievement of amphiphilic 
balance suitable for the polymers to adopt a folded helical structure. The carbamate 
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groups possibly form hydrogen bonds along with the amide groups. 
Figure 1. CD and UV–vis spectra of poly(1-5) measured in (a) THF-MeOH and (b) THF-
toluene mixtures (c = 0.02 mM) at room temperature. 
 
Figure 2. CD and UV–vis spectra of poly(1-5) measured in (a) THF/MeOH = 1/9 and (b) 
THF/toluene = 1/9 mixtures (c = 0.02 mM) at room temperature before (blue line) and 
after (red line) filtration with a membrane (pore size 0.45 µm). 
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Next, the CD and UV–vis spectra of poly(1-5) were measured in THF/MeOH =1/9 
and THF/toluene = 1/9 from zero to 60 °C (Figure 3). The intensities of the CD signals 
gradually decreased as temperature increased from 0 °C to 60 °C, while the UV–vis 
signals were almost intact. After the temperature was raised to 60 °C and recooled to 0 °C, 
the CD signals returned to the original 0 °C values. As shown in Figure 4, the CD 
spectroscopic response to temperature changes was reversible, indicating the reversible 
change of the higher-order structure of poly(1-5) upon heating/cooling.  
The CD and UV–vis absorption spectra of the cast films of the polymers were also 
measured to check the chirotopical alignment of the polymers at the solid state. As shown 
in Figure 5, poly(1-5) films exhibited almost the same CD and UV–vis signal patterns as 
the solution. The absorption maxima of polymer films were observed at 375 nm, 7 nm 
longer than the lmax of the polymer solution in THF/toluene mixtures. No remarkable 
difference was observed between the films assembled by drop-casting and spin-coating. 
These results indicate that the alignment of polymer molecules brings about the red shift 
in the UV–vis spectrum, presumably due to the contribution of J-type aggregation,22 
while the chiroptical features are not changed significantly. Poly(2-5) films showed the 
same trend as poly(1-5) films, while poly(3-5) and poly(4-5) showed no CD signals in 
the absorption range of the main chain chromophores (Figure S10) as predicted from the 
solution state CD spectra mentioned above. We will discuss the morphology of the 
polymers in the solid state later based on AFM measurement. 
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Figure 3. CD and UV–vis spectra of poly(1-5) measured in (a) THF/MeOH = 1/9 and (b) 
THF/toluene = 1/9 mixtures (c = 0.02 mM) at various temperatures. 
Figure 4. (a) De (at 392 nm) of poly(1-5) vs. temperature and (b) repeated 0 to 60 °C 
heating–cooling cycles measured in THF/toluene = 1/9 (c = 0.02 mM) . 
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Figure 5. CD and UV–vis absorption spectra of films of poly(1-5) fabricated on a quartz 
plate by drop-casting (red line) and spin-coating (blue line) of a polymer solution in 
chloroform/benzene = 1/9 (2 mg/1 mL) measured at room temperature. 
 
Solvent Dependence of 1H NMR Chemical Shifts of the Polymers. The 1H NMR 
spectra of poly(1-5) and monomer 1 in the presence of 5 were measured in THF-
d8/benzene-d6 mixtures at various compositions to check the solvent-dependence of the 
chemical shift (Figures 6 and S11). The 1H NMR signal of the carbamate N–H of poly(1-
5) was observed at 5.2 ppm (0.5 ppm higher than monomer 1) in THF-d8, and shifted 
downfield as the benzene-d6 concentration increased (Figure 6). The 1H NMR signal of 
the amide N–H showed a similar trend with regard to THF-d8/benzene-d6 composition 
(Figure S11). It is assumed that the carbamate and amide groups of poly(1-5) form 
hydrogen bonds more strongly upon lowering the solvent polarity, leading to stabilization 
of the secondary structure. This also explains the increase of CD intensity by raising the 
toluene content in THF/toluene, as shown in Figure 1 (b). Poly(2-5) showed the same 
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trend regarding the solvent-dependence of the chemical shifts (Figure S12). On the other 
hand, the behavior of monomer 1 was different from that of the polymers (Figures 6 and 
S13). Namely, the 1H NMR signals of the carbamate and amide N–H protons shifted to 
higher ppm as the benzene-d6 content increased up to 50%, but then shifted in the opposite 
direction upon further increase of the benzene-d6 concentration. Hydrogen bonding of the 
carbamate and amide groups induced the downfield shift in the low benzene-d6 region, 
but further increase of the benzene-d6 content caused an upfield shift, presumably due to 
the donating nature of p-electron-rich benzene-d6. It is likely that the more strongly 
hydrogen bonded N–H protons of the polymers do not show this competing solvent effect. 
The different solvent dependence of the N–H protons between the polymers and monomer 
supports the present of higher-order structures of the polymers. 
 
Figure 6. 1H NMR chemical shift of carbamate protons of (■) poly(1-5) and (●) monomer 
1 in the presence of 5 measured in THF-d8/benzene-d6 ([poly(1-5)] = [1] = [5] = 10 mM) 
at room temperature. 
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Poly(1-5) was CD active in THF/toluene and THF/benzene, while inactive in THF 
as mentioned above. Toluene and benzene induced chiral higher order structures in the 
polymer. In the present case, amphiphilicity can induce a folded helical conformation 
with hydrophilic hydroxy groups interior and hydrophobic alkyl chains exterior. In 
addition, p-stacking in the aromatic backbone should help induce a folded structure, as 
reported previously.23 Figure 7 depicts a plot of the CD intensities of poly(1-5) in 
THF/aromatic solvent = 1/9 versus the dipole moments of the aromatic solvents. The CD 
intensities tended to increase with decreasing dipole moment of the aromatic solvent, 
indicating that the stability of the chiral higher order structure depends on the solvent 
polarity. It is likely that the conformation of poly(1-5) becomes tight upon lowering the 
polarity of the solvent, presumably due to strengthening of hydrogen bonding, leading to 
increased CD intensities.  
Figure 7. |De| at 387 nm (red) and 332 nm (blue) of poly(1-5) measured in THF/aromatic 
solvents = 1/9 (v/v, c = 0.02 mM) vs dipole moment of aromatic solvents calculated by 
the DFT method (B3LYP/6-31G*). Data from left to right: benzene, toluene, anisole, 
chlorobenzene, 1,2-dichlorobenzene, cyanobenzene. 
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Fluorescence Properties of the Polymers. Poly(1-5) emitted blue colored fluorescence 
upon excitation at 368 nm in THF/MeOH mixtures. The shape and intensity of the 
fluorescence spectra were not affected by the solvent composition (Figure 8, top). On the 
other hand in THF/toluene mixtures, the fluorescence intensity at 415 nm decreased and 
another signal appeared around 470 nm as the toluene content was increased (Figure 8, 
bottom). As mentioned above, toluene induces formation of a folded helical structure. 
The emission peak at 470 nm is attributed to intramolecular p-stacking. In THF/MeOH 
mixture, fluorescence due to p-stacking seems to be negligibly small presumably because 
of the decreased efficiency of intermolecular (compared to intramolecular) p-stacking. 
Thus the fluorescence properties of the polymers were affected by the change of 
secondary structures driven by solvent composition. The fluorescence quantum yields 
were ca. 1% in these solvents, as listed in Table 3. Poly(2-5)–poly(4-5) fluorescenced in 
a manner similar to poly(1-5) in THF/MeOH and THF/toluene mixtures (Figures S14–
16, Table S2) with weaker intensities than that of poly(1-5). This result may be 
attributable to the less ordered structures of poly(2-5)–(4-5) compared with poly(1-5). 
The conformational stability seems to affect the fluorescence intensity. Monomer 5 
emitted fluorescence at 510 nm assignable to the planar Pt–º–C6H4–º chromophore 
(Figure S17),24 and the wavelength was affected by solvent composition. The shorter 
emission wavelength of the polymers compared to 5 is explainable by a twist of the Pt–
º–C6H4–º moieties in the polymers, as a result of forming secondary structures. 
 
 
 46 
Table 3. Optical Data for Poly(1-5) a 
Solvent labs (nm) lemi b (nm) Femi c (%) 
THF/toluene = 1/9 368 413, 468 1.3 
THF 368 413 0.9 
THF/MeOH = 1/9 368 413 0.8 
a c = 1 µM. b Excited at labs. c Measured in EtOH using anthracene (Femi = 0.27) as a 
standard. The values were corrected using the refractive indices of THF and EtOH. 
 
Figure 8. Fluorescence spectra of poly(1-5) measured in THF/MeOH (top) and 
THF/toluene (bottom) (c = 1 µM) at room temperature, excited at 368 nm. 
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Morphology of the Polymers at the Solid State. Figure 9 shows the atomic force 
microscopy (AFM) images of a poly(1-5) film cast on mica, suggesting the formation of 
chiral aggregates in the film state. Molecular modeling based on PM625 calculations 
predicted the diameter of a possible helical form of poly(1-5) to be 7–8 nm (Figure S21). 
To display AFM patterns of 30–40 nm (Figure 9), several molecules must be aggregated 
into bundles, such as hexagonal helical stacks,26 on the mica/silica surface presumably 
due to intermolecular van der Waals forces between the alkyl groups. The formation of 
network bundle structure is possibly brought about by p-stacking between the phenylene 
rings and/or intermolecular hydrogen bonding between the amide groups positioned at 
the molecular edges.27 
Figure 9. AFM images of a film of poly(1-5) on mica cast from a chloroform/benzene = 
9/1 solution (0.2 mg/1 mL): (a) topographic image (900 nm ´ 900 nm), (b) phase image 
(900 nm ´ 900 nm), (c) phase profile of (b). 
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Conclusions 
In this article, we have demonstrated the synthesis of novel Pt-containing optically 
active poly(phenyleneethynylene)s [poly(1-5)–poly(4-5)] by the Sonogashira-Hagihara 
coupling polymerization of the corresponding monomers 1–4 with Pt-containing 
diethynyl monomer 5 using Pd–Cu catalyst, and have examined the higher-order 
structures of the resulting polymers. In THF/MeOH mixtures, poly(1-5) and poly(2-5) 
showed strong CD signals in the absorption region of the conjugated main chain, while 
poly(3-5) and poly(4-5) showed no CD signal. The CD intensities of poly(1-5) increased 
by raising the MeOH (poor solvent for the polymers) composition. In this solvent, 
particles with Z-average of 94–104 nm were observed by DLS measurements. It is 
concluded that poly(1-5) and poly(2-5) form chirally ordered aggregates in THF/MeOH 
mixtures. Meanwhile, poly(2-5)–(4-5) exhibited only weak CD signals in THF/toluene 
mixtures. Interestingly, poly(1-5) exhibited intense CD signals in THF/toluene mixtures, 
and the intensities increased by raising the toluene composition. It is concluded that the 
CD signals originate from a one-handed helical structure, since no aggregate was 
observed by DLS measurement. Thus, we could successfully control the chiral secondary 
structures (chiral aggregate and helix) of poly(1-5) according to the solvent.  
Poly(1-5) formed network bundle structures on mica, with each bundle consisting 
of several polymer molecules. It is likely that the driving forces for the formation and 
stabilization of such higher-order structures are inter/intramolecular hydrogen bonding 
between the amide and/or carbamate groups, p-stacking between the aromatic rings, and 
van der Waals interaction between the alkyl groups. Poly(1-5) molecules were aligned 
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regularly in the solid state, possibly based on the aggregation of hexagonal helical stacks.   
Poly(1-5) emitted blue colored fluorescence in THF and THF/MeOH mixtures 
irrespective of the solvent composition. On the other hand, upon addition of toluene, the 
fluorescence signal at 415 nm decreased and new signals appeared at 468 nm, due to 
formation of higher-ordered structures. The –CºC–PtL2–CºC– (L = ligand) units in the 
polymer main chain form rigid rod like structures due to the square planar geometry at 
the Pt center. It is considered that the rigid –CºC–PtL2–CºC– units play an important role 
in forming the chiral higher-order structures in the present polymers. Namely, the –CºC–
PtL2–CºC– units are aligned and piled up based on efficient intermolecular p-stacking 
due to the rigid Pt moieties. When the polymer forms a helix, it is likely that the rigid Pt 
moieties are also effective to induce and stabilize the regulated conformation. We believe 
that the present study contributes toward tuning of chiroptical properties of Pt-containing 
conjugated polymers via control over the higher-order structures. 
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Supporting Information 
 
 
Figure S1. IR spectra of 5 and poly(1-5).  
 
Figure S2. 1H (400 MHz) and 31P (162 MHz) NMR spectra of poly(1-5) measured in 
CDCl3. 
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Figure S3. 1H (400 MHz) and 31P (162 MHz) NMR spectra of poly(2-5) measured in 
CDCl3. 
 
 
Figure S4. 1H (400 MHz) and 31P (162 MHz) NMR spectra of poly(3-5) measured in 
CDCl3. 
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Figure S5. 1H (400 MHz) and 31P (162 MHz) NMR spectra of poly(4-5) measured in 
CDCl3. 
 
Figure S6. CD and UV-vis spectra of 5 with monomer 1 measured in (a) THF-MeOH and 
(b) THF-toluene mixtures (c = 0.02 mM) at room temperature. 
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Figure S7. CD and UV-vis spectra of poly(2-5) measured in (a) THF/MeOH and (b) 
THF/toluene mixtures (c = 0.02 mM) at room temperature. 
 
 
 
Figure S8. CD and UV-vis spectra of poly(3-5) measured in (a) THF/MeOH and (b) 
THF/toluene mixtures (c = 0.02 mM) at room temperature. 
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Figure S9. CD and UV-vis spectra of poly(4-5) measured in (a) THF/MeOH and (b) 
THF/toluene mixtures (c = 0.02 mM) at room temperature. 
 
 
Figure S10. CD and UV-vis absorption spectra of films of (a) poly(2-5), (b) poly(3-5) , 
(c) poly(4-5) fabricated on a quartz plate by drop-casting (red line) and spin-coating (blue 
line) of a polymer solution in chloroform/benzene = 1/9 (2 mg/1 mL) measured at room 
temperature. 
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Figure S11. 1H NMR chemical shift of (a) amide and (b) C*H groups in poly(1-5) 
measured in THF/benzene mixtures at room temperature ([poly(1-5)] = 10 mM). 
 
Figure S12. 1H NMR chemical shift of (a) C*H and (b) carbamate protons of poly(2-5) 
measured in THF/benzene mixtures at room temperature ([poly(2-5)] = 10 mM). Amide 
proton could not be observed. 
 
Figure S13. 1H NMR chemical shift of (a) carbamate, (b) C*H, and (c) amide protons of 
5 in the presence of monomer 1 measured in THF/benzene mixtures ([1] = [5] = 10 mM) 
at room temperature. 
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Figure S14. Fluorescence spectra of poly(2-5) measured in (a) THF/MeOH and (b) 
THF/toluene mixtures at room temperature (c = 1 µM). 
 
Figure S15. Fluorescence spectra of poly(3-5) measured in (a) THF/MeOH and (b) 
THF/toluene mixtures at room temperature (c = 1 µM). 
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Figure S16. Fluorescence spectra of poly(4-5) measured in (a) THF/MeOH and (b) 
THF/toluene mixtures at room temperature (c = 1 µM). 
 
Figure S17. Fluorescence spectra of 5 in the presence of 1 measured in (a) THF/MeOH 
and (b) THF/toluene mixtures ([1] = [5] = 1 µM) with various compositions at room 
temperature. Excited at 340 nm. 
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Figure S18. AFM images of a film of poly(2-5) on mica cast from a chloroform/benzene 
= 9/1 solution (0.2 mg/1 mL): (a) topographic image (0.5 µm ´ 0.5 µm), (b) phase image 
(0.5 µm ´ 0.5 µm). 
 
Figure S19. AFM images of a film of poly(3-5) on mica cast from a chloroform/benzene 
= 9/1 solution (0.2 mg/1 mL): (a) topographic image (150 nm ´ 150 nm), (b) phase image 
(170 nm ´ 170 nm), (c) height profile of (a). 
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Figure S20. AFM images of a film of poly(4-5) on silicon wafer cast from a 
chloroform/benzene = 9/1 solution (0.2 mg/1 mL): (a) topographic image (0.5 µm ´ 0.5 
µm), (b) phase image (0.5 µm ´ 0.5 µm), (c) phase profile of (b). 
 
Figure S21. Possible helical conformer of poly(1-5) 12-mer. The chain ends were 
terminated with hydrogen atoms. Geometries were optimized by the PM6 method. 
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Table S1. HOMO–LUMO Band Gap of Poly(1-5)–(4-5) a 
polymer HOMO–LUMO band gap (eV) 
poly(1-5) 3.56 
poly(2-5) 3.62 
poly(3-5) 3.59 
poly(4-5) 3.62 
a Calculated by the DFT method B3LYP with basis sets: 6-31G* for C, H, N, 
O, P, and LANL2DZ for Pt using the SCRF-IEFPCM (solvent: THF) for the 
models of the polymers (see below).  
 
 
 
Table S2. Optical Data for Poly(2-5)–(4-5) and Monomers a 
sample labs (nm) lemi b (nm) Femi c (%) 
poly(2-5) 372 396  0.35 
poly(3-5) 372 410  0.15 
poly(4-5) 372 396  0.15 
1 + 5 340 382, 492  0.0018, 0.0023 
a Measured in THF, c = 1 µM. b Excited at the labs. c Measured using 
anthracene as a standard (Femi = 0.27) in EtOH. The values were corrected 
using the refractive indices of THF and EtOH. 
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Chapter 2 
 
 
 
Synthesis of Platinum-Containing Poly(phenyleneethynylene)s Having Various 
Chromophores. Aggregation and Optical Properties 
 
 
 
 
Abstract 
The Sonogashira-Hagihara coupling polymerization of platinum-containing m,m-
phenylene and p,p-phenylene-linked diethynyl monomers m,m-1 and p,p-1 with 1,4-
dibromobenzene 2a, 1,4-dibromonaphthalene 2b and 9,10-dibromoanthracene 2c was 
carried out to obtain the corresponding platinum-containing polymers [poly(m,m-1-2a)–
poly(m,m-1-2c)] and [poly(p,p-1-2a)–poly(p,p-1-2c)] with Mn’s ranging from 4,300 to 
28,000 in 24%–quantitative yields. The UV–vis absorption and emission properties of the 
formed polymers were measured in various solvents to examine the solvent effect on the 
optical properties. These polymers emitted fluorescence at 400–600 nm with 3.4–18.0% 
quantum yields in THF, CHCl3 and CH2Cl2. The fluorescence intensities of the polymers 
remarkably decreased upon raising MeOH concentration in THF/MeOH mixtures, 
accompanying the formation of aggregates. 
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Introduction 
Conjugated polymers have attracted much attention due to their potentials for a 
broad range of photoelectrical applications,1 including polyelectrolytes,2 light-emitting 
diodes,2 photovoltaic materials3 and bio/chemo sensors.4 Poly(phenyleneethynylene) is 
one of the most widely studied conjugated polymers. A wide variety of 
poly(phenyleneethynylene) derivatives, and cyclic/hyperbranched phenyleneethynylene 
derivatives have been synthesized to construct molecules with regulated geometries, 
folded and globular structures, and application to photoelectrically functional materials.5 
The conjugation length of poly(phenyleneethynylene)s is controllable by replacing the 
phenylene linkage with the other arylenes like naphthalene, anthracene, tetracene, 
pentacene etc., leading to tuning of photoelectric properties, especially UV–vis 
absorption and fluorescence emission. 
Incorporation of metals in the main chain is another approach to control the 
structures and properties of poly(phenyleneethynylene)s. Various platinum (Pt) acetylide 
π-conjugated polymers and oligomers have been developed since the first report by 
Sonogashira et al.6 Pt acetylide π-conjugated systems transport energy through the 
conjugated main chain,7 and find applications in nonlinear optical materials and 
photovoltaic devices. Schanze and coworkers reported the formation of a triplet exciton 
in a Pt acetylide chromophore system.7b,8 Although there are many reports on Pt-
containing poly(aryleneethynylene)s as well as the secondary structures of conjugated 
polymers including poly(acetylene)s,9 poly(aniline)s10, poly(phenylene)s11 
poly(phenylenevinylene)s12 and poly(phenyleneethynylene)s,13 there are few reports 
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concerning the effect of aggregation on the photophysical properties of Pt acetylide 
conjugated polymers.14 We reported the synthesis and examination of the secondary 
structures of various poly(aryleneethynylene)s, some of which formed folded helices 
and/or aggregates depending on temperature and polarity of solvent.15 We recently 
synthesized optically active poly(aryleneethynylene)s containing Pt in the main chain by 
the Sonogashira-Hagihara coupling polymerization of D-hydroxyphenylglycine-derived 
optically active diiodoareylene monomers with a Pt-containing diethynyl monomer to 
find that amide-substituted polymers formed chiral aggregates in polar media 
(THF/MeOH mixtures), while they formed one-handed helices in nonpolar media 
(THF/toluene mixtures).16 In the course of our study on Pt-containing 
poly(aryleneethynylene)s, we decided to examine the aggregation behavior of the 
polymers in more detail. In this paper, we report the synthesis of a series of m,m- and p,p-
linked poly(phenyleneethynylene aryleneethynylene)s bearing Pt in the main chain and 
investigation of the relationship between the optical and aggregation properties. 
 
Experimental Section 
Measurements. 1H (400 MHz) and 13C (100 MHz) NMR spectra were recorded on a 
JEOL EX-400 or a JEOL AL-400 spectrometer. IR spectra were acquired on a JASCO 
FT/IR-4100 spectrophotometer. Melting points (mp) were measured on a Yanaco micro 
melting point apparatus. Mass spectra were acquired on a Thermo Scientific Exactive 
mass spectrometer. Number- and weight-average molecular weights (Mn and Mw) of 
polymers were determined by SEC (columns: TSK gel -M, GMHXL, Shodex KF-
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805L × 3; JASCO RI-930, JASCO UV-1570, JASCO PU-980, JASCO DG-980-50, CO-
965) using tetrahydrofuran (THF) as the eluent with polystyrene standards at 40 °C. UV–
vis absorption spectra were recorded on a JASCO V-550 spectropolarimeter. 
Fluorescence spectra were obtained on a JASCO FP-750 and a HITACHI F-7000 
spectrophotometers. DLS measurements were performed using a Malvern Instruments 
Zetasizer Nano ZS at 25 °C. The measured autocorrelation function was analyzed using 
a cumulant method. The Z-average values of the polymers were calculated from the 
Stokes-Einstein equations.  
 
Materials. trans-Bis(4-ethynylphenylethynyl)-bis(tributylphosphine)Pt(II)17 (5) and 
[PdCl2(PPh3)2]18 were synthesized according to the literature. Reagents including 
[Pd(PPh3)4] (Aldrich, assay 99.9%) and CuI (Wako, 99.5%) were used as received. 
Solvents used for polymerization were dried with the molecular sieves 4A 1/16 and 
degassed using the freeze-pump-thaw method. 
 
Monomer Synthesis. 1-Bromo-3-[2-(trimethylsilyl)ethynyl]benzene. [PdCl2(PPh3)2] 
(1.05 g, 1.49 mmol), PPh3 (0.391 g, 1.49 mmol), CuI (0.284 g, 1.49 mmol) and 
trimethylsilylacetylene (TMSA, 7.11 mL, 50 mmol) were added to a solution of 1-bromo-
3-iodobenzene (14.14 g, 50 mmol) in THF/Et3N (15 mL/30 mL) under argon at 0 °C, and 
the resulting mixture was stirred at 45 °C overnight. After filtration, the filtrate was 
concentrated to obtain a black solid. The residual mass was purified by silica gel column 
chromatography eluted with CHCl3/hexane = 1/1 (v/v) to obtain 1-bromo-3-[2-
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(trimethylsilyl)ethynyl]benzene as a yellow solid in 96% yield. 1H NMR (400 MHz, 
CDCl3): δ 0.24 (s, 9H, –Si(CH3)3), 7.14–7.18 (m, 1H, Ar), 7.37–7.39 (m, 1H, Ar), 7.42–
7.45 (m, 1H, Ar), 7.61 (s, 1H, Ar). 
 
2-Methyl-4-{3-[(trimethylsilyl)ethynyl]phenyl}-3-butyn-2-ol. [PdCl2(PPh3)2] (1.05 g, 
1.49 mmol), PPh3 (0.63 g, 2.4 mmol), CuI (0.284 g, 1.49 mmol), 2-methyl-3-butyn-2-ol 
(5.16 mL, 52.8 mmol) were added to a solution of 1-bromo-3-[2-
(trimethylsilyl)ethynyl]benzene (12.09 g, 48 mmol) in THF/Et3N (25 mL/25 mL) under 
argon at 0 °C, and the resulting mixture was stirred with refluxing at 80 °C for 6 h. After 
filtration, the filtrate was concentrated to obtain a black solid. The residual mass was 
purified by silica gel column chromatography eluted with CHCl3/hexane = 1/1–2/1 (v/v) 
to obtain 2-methyl-4-{3-[(trimethylsilyl)ethynyl]phenyl}-3-butyn-2-ol as a red solid in 
86% yield. 1H NMR (400 MHz, CDCl3): d 0.23 (s, 9H, –Si(CH3)3), 1.60 (s, 6H, –CH3), 
1.94 (s, 1H, –OH), 7.19–7.57 (m, 4H, Ar). 
 
1-Ethynyl-3-[2-(trimethylsilyl)ethynyl]benzene. NaOH (1.65 g, 41.2 mmol) was added to 
a solution of 2-methyl-4-{3-[(trimethylsilyl)ethynyl]phenyl}-3-butyn-2-ol (10.55 g, 41.2 
mmol) in toluene (135 mL) under argon at 0 °C, and the resulting mixture was stirred 
with refluxing at 110 °C for 0.5 h. After filtration, the filtrate was concentrated to obtain 
a black liquid. The residual mass was purified by silica gel column chromatography eluted 
with dichloromethane/hexane = 1/1 (v/v), followed by Kugelrohr distillation to obtain 2-
methyl-4-{3-[(trimethylsilyl)ethynyl]phenyl}-3-butyn-2-ol as a yellow liquid in 49% 
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yield. 1H NMR (400 MHz, CDCl3): d 0.24 (s, 9H, –Si(CH3)3), 3.07 (m, 1H, –CH), 7.22–
7.62 (m, 4H, Ar). 13C NMR (100 MHz, CDCl3): d 0.02, 82.6, 82.7, 95.2, 103.9, 122.4, 
123.5, 128.3, 128.5, 132.0, 132.2, 132.4, 135.5, 135.7. 
 
Bis{3-[2-(trimethylsilyl)ethynyl]phenylethynyl}bis(butylphosphine)platinum. 1-Ethynyl-
3-[2-(trimethylsilyl)ethynyl]benzene (0.46 g, 2.3 mmol), [PtCl2(PBu3)2] (0.80 g, 1.2 
mmol), CuI (0.044 g, 0.23 mmol) were dissolved in Et2NH (34 mL) under argon at 0 °C, 
and the resulting mixture was stirred with refluxing at 65 °C for 4 h. After filtration, the 
filtrate was concentrated to obtain a purple solid. The residual mass was purified by silica 
gel column chromatography with dichloromethane/hexane = 4/1–2/1(v/v) as the eluent to 
obtain bis{3-[2-(trimethylsilyl)ethynyl]phenylethynyl}bis(butylphosphine)platinum as a 
yellow solid in 42% yield. 1H NMR (400 MHz, CDCl3): d 0.24 (s, 9H, –Si(CH3)3), 0.92 
(t, J = 5.2 Hz, 18H, –CH3), 1.39–1.67 (m, 28H, –CH2CH2–), 2.04–2.22 (m, 12H, –CH2–), 
7.08–7.41 (m, 8H, Ar). 
 
Bis[(3-ethynylphenyl)ethynyl]bis(butylphosphine)platinum (m,m-1). KOH (0.28 g, 41.2 
mmol) dissolved in water (5 mL) were added to a solution of bis{3-[2-
(trimethylsilyl)ethynyl]phenylethynyl}bis(butylphosphine)platinum (0.50 g, 0.5 mmol) 
in THF/methanol (55 mL/40 mL) at 0 °C, and the resulting mixture was stirred at room 
temperature for 5 h. After filtration, the filtrate was concentrated to obtain a yellow liquid. 
The residual mass was purified by silica gel column chromatography with CHCl3 as the 
eluent to obtain m,m-1 as a yellow solid in 97% yield. Mp 85–86 °C. IR (KBr): 3433, 
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3277 (–CºC–H), 2956, 2927, 2871, 2096 (–CºC–Pt–), 1597, 1500, 1215, 1092, 835, 584 
cm–1. 1H NMR (400 MHz, CDCl3): d 0.92 (t, J = 7.6 Hz, 18H, –CH3), 1.38–1.65 (m, 24H, 
–CH2CH2–), 2.04–2.20 (m, 12H, –CH2–), 7.11–7.39 (m, 8H, Ar). 13C NMR (100 MHz, 
CDCl3): d 13.8, 24.4, 26.4, 83.8, 108.1, 109.7, 121.7, 128.0, 128.5, 129.2, 131.2,134.4. 
31P NMR (162 MHz, CDCl3) d 3.80 (JPt–P = 2346 Hz, corresponding to a trans isomer13). 
MALDI-TOF-MS: m/z calcd for C44H64P2Pt: 849.41; found 848.98. Anal.Calcd for 
C44H64P2Pt: C, 62.17; H, 7.59. Found: C, 61.79; H, 7.64. 
 
Bis[(4-ethynylphenyl)ethynyl]bis(butylphosphine)platinum (p,p-1). This compound was 
synthesized according to the literature. Yield 85%. Mp 93–95 °C. IR (KBr): 3433, 3277 
(–CºC–H), 2956, 2927, 2871, 2096 (–CºC–Pt–), 1597, 1500, 1215, 1092, 835, 584 cm–
1. 1H NMR (400 MHz, CDCl3): d 0.89 (t, J = 7.4 Hz, 18H, –CH3), 1.54 (s, 36H, –
CH2CH2CH2–), 3.07 (s, 2H, –CH), 7.16 (d, J = 8.0 Hz, 4H, Ar), 7.30 (d, J = 8.0 Hz, 4H, 
Ar). 31P NMR (162 MHz, CDCl3) d 3.83 (JPt–P = 2346 Hz, corresponding to a trans 
isomer19). 
 
Scheme 1. Synthesis of monomer m,m-1. 
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Polymerization. All polymerizations were carried out in a glass tube equipped with a 
three-way stopcock under argon. In a typical experiment, a solution of [Pd(PPh3)4] (2.89 
mg, 2.5 µmol) in THF (0.4 mL) and a solution of CuI (0.47 mg, 2.5 µmol) in Et3N (0.6 
mL) were added to a mixture of monomers m,m-1 or p,p-1 (42.5 mg, 0.05 mmol) and 2a–
2c (0.05 mmol) under argon, and the resulting solution was kept at 60 °C for 24 h. Then, 
the reaction mixture was poured into a large volume of methanol to precipitate the 
polymer. It was separated by filtration using a membrane filter (ADVANTEC 
H100A047A) and dried under reduced pressure.  
 
Spectroscopic Data of the Polymers. Poly(p,p-1-2a): IR (KBr): 3448, 2958, 2927, 2871, 
2097 (–CºC–Pt–), 1513, 1457, 1256, 1097, 1024, 903, 835, 801, 722 cm–1. 1H NMR (400 
MHz, CDCl3): d 0.92–0.94 (br, 18H, –CH2CH3), 1.43–1.53 [br, 24H, –CH2(CH2)3–], 
2.05–2.12 [br, 12H, –CH2(CH2)3–] 7.10–7.76 (br, 12H, Ar). Poly(m,m-1-2a): IR (KBr): 
3448, 2931, 2871, 2738, 2802, 2738, 2678, 2492, 2097 (–CºC–Pt–), 1587, 1433, 1399, 
1383, 1262, 1206, 1170, 1095, 1036, 889, 836, 789, 721, 688 cm–1. 1H NMR (400 MHz, 
CDCl3): d 0.92-0.94 (br, 18H, –CH2CH3), 1.30–1.48 [br, 24H, –CH2(CH2)3–], 2.05–2.13 
[br, 12H, –CH2(CH2)3–] 7.04–7.75 (br, 12H, Ar). Poly(p,p-1-2b): IR (KBr): 3448, 2957, 
2926, 2870, 2095 (–CºC–Pt–), 1555, 1500, 1262, 1213, 1170, 1095, 904, 834, 801, 721, 
669 cm–1. 1H NMR (400 MHz, CD3OD): d 0.92-0.94 (br, 18H, –CH2CH3), 1.35–1.63 [br, 
24H, –CH2(CH2)3–], 2.05–2.15 [br, 12H, –CH2(CH2)3–] 6.84–8.47 (br, 14H, Ar). 
Poly(m,m-1-2b): IR (KBr): 3434, 3057, 2961, 2928, 2871, 2096 (–CºC–Pt–), 1587, 1474, 
1406, 1379, 1341, 1262, 1093, 1024, 887, 864, 766, 687, 706, 661 cm–1. 1H NMR (400 
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MHz, CDCl3): d 0.91-0.94 (br, 18H, –CH2CH3), 1.40–1.64 [br, 24H, –CH2(CH2)3–], 
2.05–2.16 [br, 12H, –CH2(CH2)3–] 7.05–8.47 (br, 14H, Ar). Poly(p,p-1-2c): IR (CHCl3 
solution): 3448, 2958, 2927, 2871, 2096 (–CºC–Pt–), 1595, 1559, 1503, 1262, 1213, 
1173, 1095, 1026, 904, 833, 803, 766, 722 cm–1. 1H NMR (400 MHz, CDCl3): d 0.95-
0.99 (br, 18H, –CH2CH3), 1.40–1.65 [br, 24H, –CH2(CH2)3–], 2.12–2.25 [br, 12H, –
CH2(CH2)3–] 7.21–8.69 (br, 16H, Ar). Poly(m,m-1-2c): IR (KBr): 3448, 3058, 2960, 
2928, 2871, 2100 (–CºC–Pt–), 1586, 1473, 1412, 1379, 1262, 1093, 1022, 887, 863, 803, 
766, 687, 641 cm–1. 1H NMR (400 MHz, CDCl3): d 0.95-0.99 (br, 18H, –CH2CH3), 1.47–
1.67 [br, 24H, –CH2(CH2)3–], 2.10–2.25 [br, 12H, –CH2(CH2)3–] 7.22–8.69 (br, 16H, Ar).  
 
Computation. All calculations were performed with the GAUSSIAN 09 program,20 
ES64L-G09 Rev D.01, running on the supercomputer system, Academic Center for 
Computing and Media Studies, Kyoto University. The energies were calculated by the 
density functional theory (DFT) with the B3LYP21 or M06-2X22 functional in conjunction 
with the 6-31G* or LANL2DZ basis set. 
 
Results and Discussion 
Polymerization. The Sonogashira-Hagihara coupling polymerization of 
bis[(ethynylphenyl)ethynyl]bis(butylphosphine) platinum monomers m,m-1 and p,p-1 
with dibromoarylenes 2a–2c was carried out using Pd-Cu catalyst (Scheme 2). First, the 
polymerization of m,m-1 with 2a was carried out using [PdCl2(PPh3)2]-PPh3 and CuI in 
THF/Et3N = 2/3 at 60 °C for 24 h to obtain a polymer quantitatively (run 1 in Table 1), 
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but the resultant polymer was insoluble in common organic solvents including CHCl3, 
DMF and THF. When DMF was used as a solvent, the polymer yield decreased to 24% 
and the obtained polymer was still solvent-insoluble (run 2). On the other hand, the 
polymerization of m,m-1 with 2a using [Pd(PPh3)4] and CuI in THF/Et3N = 2/3 gave a 
THF-, CHCl3- and CH2Cl2-soluble polymer with Mn = 12,000 in 87% yield (run 3). We 
therefore employed these conditions for the polymerization of the other combination of 
monomers (m,m-1 + 2b, 2c, p,p-1 + 2a–2c) to obtain the corresponding polymers 
quantitatively with Mn’s ranging from 4,300 to 28,000 (runs 4–8). The IR and 1H NMR 
spectra of the polymers were very consistent with the structures linked by Pt acetylide 
moieties (Figure S4–S9). 
 
 
Scheme 2. Sonogashira-Hagihara coupling polymerization of m,m-1 and p,p-1 with 2a–
2c. 
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Table 1. Sonogashira-Hagihara coupling polymerization of m,m-1 and p,p-1 with 2a–2c a 
Run Monomers Catalyst Solvent (v/v) 
Yield b 
(%) 
Mn c Mw/Mn c 
1 m,m-1 + 2a [PdCl2(PPh3)2], 
PPh3, CuI 
THF/Et3N = 2/3 quant. – – 
2 m,m-1 + 2a [PdCl2(PPh3)2], 
PPh3, CuI 
DMF/Et3N = 2/3 24 – – 
3 m,m-1 + 2a [Pd(PPh3)4], CuI THF/Et3N = 2/3 87 12,000 1.38 
4 m,m-1 + 2b [Pd(PPh3)4], CuI THF/Et3N = 2/3 quant.  7,100 2.08 
5 m,m-1 + 2c [Pd(PPh3)4], CuI THF/Et3N = 2/3 quant.  4,300 3.72 
6 p,p-1 + 2a [Pd(PPh3)4], CuI THF/Et3N = 2/3 quant. 11,600 3.00 
7 p,p-1 + 2b [Pd(PPh3)4], CuI THF/Et3N = 2/3 quant. 28,000 3.39 
8 p,p-1 + 2c [Pd(PPh3)4], CuI THF/Et3N = 2/3 quant. 20,400 4.41 
a Conditions: [m,m-1, p,p-1]0 = [2a–2c] = 0.05 M, [m,m-1, p,p-1]0/[Pd] = 5, [Pd]/[CuI] = 1, 
24 h under Ar. b MeOH-insoluble part. c Estimated by SEC eluted with THF, polystyrene 
calibration.  
 
Optical Properties of the Polymers. The UV–vis and emission spectra of the polymers 
obtained from runs 3–8 in Table 1 were measured in THF (Figure 1 and 2). The λmax 
values of the m-linked polymers [poly(m,m-1-2a)–poly(m,m-1-2c)] were shorter than 
those of the p-linked counterparts [poly(p,p-1-2a)–poly(p,p-1-2c)]. This result indicates 
that the conjugation length of the m-linked polymers were shorter than that of the 
corresponding p-linked compounds. The order of wavelength maxima of λabs and λemi of 
the m- and p-linked polymers was as follows: Ar = 1,4-phenylene < 1,4-naphthalene < 
9,10-anthracene. This agrees with the order of the λmax of the corresponding aromatics: 
benzene (255 nm) < naphthalene (286 nm) < anthracene (375 nm).23 The number of fused 
aromatic rings apparently affected the absorption and emission properties of the polymers. 
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The trend of λmax of the polymers agreed well with that of the band gaps24 of the model 
compounds (Figure 3) for the polymers, which were calculated by the DFT method as 
listed in Table 2.25 
 
Figure 1. UV–vis absorption spectra of (a) 1,4-phenylene-, (b) 1,4-naphthalene- and (c) 
9,10-anthracene-based polymers measured in THF (c = 2 µM) at 20 °C. 
 
Figure 2. Fluorescence spectra of (a) 1,4-phenylene, (b) 1,4-naphthalene- and (c) 9,10-
anthracene-based polymers measured in THF (c = 2 µM) at 20 °C. Excitation 
wavelengths: poly(m,m-1-2a), λex = 269 nm; poly(p,p-1-2a), λex = 380 nm; poly(m,m-1-
2b), λex = 345 nm; poly(p,p-1-2b), λex = 406 nm; poly(m,m-1-2c), λex = 440 nm; poly(p,p-
1-2c), λex = 474 nm.  
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Figure 3. Structures of the model compounds for the polymers. 
Table 2. Band gaps of the model compounds for the polymers a 
Polymer HOMO (eV) LUMO (eV) Band gap (eV) 
Poly(m,m-1-2a) -5.03 -1.41 3.62 
Poly(m,m-1-2b) -5.02 -1.70 3.31 
Poly(m,m-1-2c) -4.93 -2.13 2.80 
Poly(p,p-1-2a) -4.88 -1.42 3.46 
Poly(p,p-1-2b) -4.89 -1.73 3.16 
Poly(p,p-1-2c) -4.74 -2.10 2.64 
a Calculated for the model compounds by B3LYP/6-31G* (C, H, P)-LANL2DZ (Pt). The 
structures of the model compounds are illustrated in Figure 3. 
 
The UV–vis absorption and fluorescence spectra of poly(m,m-1-2c) and poly(p,p-
1-2c) were measured in CH2Cl2 and CHCl3 in addition to THF to check the solvent effect 
on the optical properties (Figure 4 and 5).26 The orders of the absorbances and emission 
intensities of poly(m,m-1-2c) were CH2Cl2 ≈ CHCl3 < THF and CH2Cl2 < THF ≈ CHCl3, 
respectively. The absorbances of poly(p,p-1-2c) were larger than those of poly(m,m-1-
2c) in the solvents. It is assumed that the degrees of aggregation are affected by solvents, 
bringing about the difference of the UV–vis absorbances and fluorescence emission 
Ar =
,
2b 2c
,
2a
Pt
PBu3
PBu3
ArModel Compound
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intensities between the solvents. The aggregation of the polymers is discussed later in this 
manuscript. 
Figure 4. (a) UV–vis absorption and (b) fluorescence spectra of poly(m,m-1-2c) 
measured in THF, CH2Cl2 and CHCl3 (c = 2 µM) at 20 °C. Excitation wavelength: 440 
mm.  
Figure 5. (a) UV–vis absorption and (b) fluorescence spectra of poly(p,p-1-2c) excited at 
475 mm measured in THF, CH2Cl2 and CHCl3 (c = 1 µM) at 20 °C.  
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and triplet emission.7c,f The present m-linked polymers emitted green fluorescence at 
450–600 nm [Figure 4 (b)] and p-linked polymers emitted yellow fluorescence at 500–
650 nm [Figure 5 (b)] assignable to singlet emission judging from the small Stokes shifts. 
It is likely that the polymers have relatively high band gaps based on the data of the model 
compounds (Table S1). Table 3 summarizes the absolute fluorescence quantum yields (φ) 
of poly(m,m-1-2c) and poly(p,p-1-2c) measured in THF, CH2Cl2 and CHCl3. The 
φ values of poly(m,m-1-2c) were larger than those of poly(p,p-1-2c) regardless of 
solvent. It is likely that m-phenylene-linked poly(m,m-1-2c) with a zigzag main chain is 
unfavorable for forming π-stacking-based aggregates compared with p-phenylene-linked 
poly(p,p-1-2c) with a linear main chain. Consequently, poly(m,m-1-2c) causes smaller 
aggregation-induced fluorescence quenching than poly(p,p-1-2c). The φ value of 
poly(p,p-1-2c) was larger in THF than those in CH2Cl2 and CHCl3. It is considered that 
THF molecules coordinate to polymer molecules more strongly than CH2Cl2 and CHCl3 
molecules, resulting in segregation of polymer molecules. Although poly(p,p-1-2c) 
emitted fluorescence more strongly in CHCl3 than in THF as shown in Figure 5 (b), the 
φ was smaller in CHCl3 (4.2%) than that in THF (14.4%). This is caused by the larger ε 
in CHCl3 compared to that in THF as shown in Figure 5 (a). 
Table 3. Absolute fluorescence quantum yields of poly(m,m-1-2c) and poly(p,p-1-2c) a 
Polymer 
Absolute fluorescence quantum yield (%) 
in THF in CH2Cl2 in CHCl3 
Poly(m,m-1-2c) 18.0 3.5 24.0 
Poly(p,p-1-2c) 14.4 3.4 4.2 
a c = 20 µM measured at 20 °C using an integrating sphere. 
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Aggregation of the polymers. The optical properties of the polymers seem to be affected 
by aggregation, as mentioned above. Solutions of poly(m,m-1-2c) and poly(p,p-1-2c) in 
THF/MeOH mixtures were analyzed by DLS to obtain information on aggregation, 
wherein MeOH is a poor solvent for the polymers. The mean particle size of poly(p,p-1-
2c) tended to increase upon raising MeOH content as shown in Figure 6. The formation 
of precipitates was observed and no reliable DLS data could be collected when MeOH 
content exceeded 40%. On the other hand, poly(m,m-1-2c) did not show this trend 
regarding MeOH content27 It is apparent that poly(p,p-1-2c) forms aggregates more easily 
than poly(m,m-1-2c). The UV–vis signals of the two polymers were somewhat affected 
by MeOH content but no clear tendency was observed, as shown in Figure 7 (a) and 8 (a). 
On the contrary, the emission intensities apparently decreased by raising MeOH content, 
as shown in Figure 7 (b) and 8 (b). The emission maximum of poly(p,p-1-2c) appeared at 
around 530 nm when the MeOH content was 40% and less, while it appeared at around 
550–560 nm when the MeOH content was 50% and more [Figure 8 (b)]. This significant 
change is attributable to the formation of aggregates with large sizes, which were not 
appropriately determined by DLS measurement. It should be noted that poly(m,m-1-2c) 
did not show such a critical point [Figure 7 (b)], in agreement with the trend of particle 
size dependence on solvent composition. The solvent-dependence of UV–vis absorption 
λmax, (b) εmax and (c) emission intensity max are summarized in Figure 9. 
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Figure 6. Mean particle sizes of poly(m,m-1-2c) and poly(p,p-1-2c) (c = 20 µM) 
measured by DLS in THF/MeOH mixtures with various compositions at 20 °C.  
 
Figure 7. (a) UV–vis absorption and (b) fluorescence spectra of poly(m,m-1-2c) (c = 1 
µM) excited at 439–443 nm measured in THF/MeOH mixtures with various compositions 
at 20 °C. 
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Figure 8. (a) UV–vis absorption spectra and (b) fluorescence spectra of poly(p,p-1-2c) (c 
= 1 µM) excited at 474–480 nm measured in THF/MeOH mixtures with various 
compositions at 20 °C.  
 
Figure 9. (a) UV–vis absorption λmax, (b) εmax and (c) emission intensity max of 
poly(m,m-1-2c) and poly(p,p-1-2c) (c = 1 µM) measured in THF/MeOH mixtures with 
various compositions at 20 °C. Excited wavelength: poly(m,m-1-2c), λex = 340 nm; 
poly(p,p-1-2c), λex = 374 nm. 
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Possible aggregated structures. Molecular modeling was carried out to obtain 
information about the polymer aggregation process. As studied by Schanze and 
coworkers, Pt-acetylide oligomers [(–≡–Pt(PR3)2–≡–Ar–)n] possibly adopt various 
conformations regarding the orientation of [Pt(PR3)2(C)2] and arylene units.28 In the 
present study, we checked the relationship between the relative energy and dihedral angle 
φ defined by Cα–Cβ–Pt–Pα (Figure 10) from 0° to 90° at 10 degree increments for the 
model of monomer unit of poly(p,p-1-2c). The conformer with φ = 90° was energetically 
most stable, and the energy gradually increased with decreasing φ. The energy difference 
between the most stable (φ = 90°) and most unstable (φ = 10°) conformers was 3.75 
kJ/mol. It is likely that the conformations are interchangeable with rotations around Pt 
moieties due to the small rotational barrier as reported for several Pt-acetylide 
oligomers.28 We then simulated the aggregation of four model molecules with the most 
stable conformer (φ = 90°). In the starting geometries of the aggregates of model 
molecules, dummy atoms (X) were placed at the center of the anthracene moieties (Figure 
11). The model molecules were separated by 3.8 Å at the dummy atoms, and then rotated 
by 30°, 45°, 60° and 75° (torsional angle at X–X) to avoid overlap between PBu3 groups. 
In this calculation, M06-2X functional was employed because it is superior compared 
with the commonly used B3LYP functional in estimating noncovalent interactions 
including π-stacking.22 The model with the torsional angle X–X starting from 60° was 
most stable (Table S1), presumably because the combined stabilization effect by π-
stacking of the anthracene rings and van der Waals interactions between the butyl groups 
was maximum among the four models examined. The stabilization energy was calculated 
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to be 103.97 kJ/mol in the case of a model with the torsional angle X–X starting from 60°. 
Figure 12 depicts a structure of the model for aggregation of poly(p,p-1-2c), whose 
geometries were fully optimized by the M06-2X/6-31G* (C, H, P)-LANL2DZ (Pt). It is 
likely that this kind of aggregation also occurs between the polymer molecules.  
 
Figure 10. Relationship between the dihedral angle at Cα–Cβ–Pt–Pαand relative energy 
for the model of monomer unit of poly(p,p-1-2c) calculated by the DFT method 
[B3LYP/6-31G* (C, H, P)-LANL2DZ (Pt)], wherein the bond angle at Pα–Pt–Pβ was 
constrained to 180°, and the dihedral angle Cα–Cβ–Cγ–Cδ was constrained to 0°. 
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Figure 11. Model molecules for aggregation. Butyl groups at the phosphine atoms, and 
all hydrogen atoms are omitted for clarity. Dummy atoms X are indicated in violet. The 
torsional angle at X–X is 60° in this case. 
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Figure 12. Initial and optimized possible aggregated structure of model compounds of 
poly(p,p-1-2c). The torsional angle X–X of the initial geometry was set to be 60°, wherein 
X is a dummy atom placed at the center of anthracene (see Figure 11). Geometries were 
optimized by the DFT method [M06-2X/6-31G* (C, H, P)-LANL2DZ (Pt)]. 
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Conclusions  
The present paper demonstrated the synthesis of Pt-containing 
poly(phenyleneethynylene aryleneethynylene)s poly(m,m-1-2a)–poly(p,p-1-2c) by the 
Sonogashira-Hagihara coupling polymerization of the Pt-containing diethynyl monomers 
m,m-1 and p,p-1 with dibromoarylene monomers 1a–1c using Pd–Cu catalyst. The 
wavelength maxima of absorption and emission signals of m-phenyleneethynylene-linked 
polymers were shorter than those of the p-phenyleneethynylene-linked counterparts. The 
order of wavelength maxima of λabs and λemi of the polymers is as follows, Ar = 1,4-
phenylene < 1,4-naphthalene < 9,10-anthracene both for the m,m- and p,p-linked 
polymers, apparently reflecting the conjugation length of the arylene chromophores of 
the polymers. The fluorescence was remarkably influenced by solvent. Representatively, 
poly(p,p-1-2c) formed aggregates in THF/MeOH upon raising MeOH content, resulting 
in a red-shift of the fluorescence wavelength and decrease of emission intensity. DFT 
simulations suggested that the driving forces for aggregation are π-stacking between the 
anthracene units and van der Waals interactions between the phosphine alkyl groups. 
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Supporting Information 
Figure S1. Structures of the model compounds for the polymers with and without Pt. 
 
Table S1. Band gaps of the model compounds of the polymers with and without Pt a 
Polymer with Pt  Polymer without Pt   
Polymer Band 
gap b 
(eV) 
Band 
gap c 
(eV) 
 Polymer Band 
gap b 
(eV) 
 Difference 
(eV) 
Poly(m,m-1-2a) 3.62 3.49  Poly(m,m-1’-2a) 3.85  -0.233 
Poly(m,m-1-2b) 3.31 3.11  Poly(m,m-1’-2b) 3.52  -0.212 
Poly(m,m-1-2c) 2.79 2.56  Poly(m,m-1’-2b) 2.81  -0.015 
Poly(p,p-1-2a) 3.46 2.97  Poly(p,p-1’-2a) 3.37  0.096 
Poly(p,p-1-2b) 3.16 2.77  Poly(p,p-1’-2b) 3.15  0.013 
Poly(p,p-1-2c) 2.64 2.36  Poly(p,p-1’-2c) 2.81  -0.169 
a The structures of the model compounds are illustrated in Fig. S1. b Calculated for the model 
compounds by B3LYP/6-31G* (C, H, P)-LANL2DZ (Pt). The structures of the model compounds are 
illustrated in Fig. S1. c Calculated from the following equation. Band gap = h * c / ledge, wherein h, c 
ledge are the Planck’s constant, speed of light, and cut off wavelength of absorption of the polymers, 
respectively. 
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Figure S2. (a) Relationships between band gap of model compounds for polymers and 
ledge of absorption of polymers. (b) Relationship between band gap of model compounds 
for polymers and absorption maxima of polymers. 
 
Table S2. Relative Energy of Aggregates of Four Model Molecules a 
torsional angle 
X–X of the initial geometry 
(deg) 
energy per one molecule 
(kJ/mol) 
relative energy b 
(kJ/mol) 
30 -8018515.64 -117.41  
45 -8018501.19 -102.96  
60 -8018502.20 -103.97  
75 -8018477.12 -78.89  
a Calculated by the DFT method [M06-2X/6-31G* (C, H, P)-LANL2DZ (Pt)], wherein X is a 
dummy atom placed at the center of anthracene. b Calculated using the energy of an isolated one 
molecule (-8018398.23 kJ/mol) as a standard. 
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Figure S3. 1H, 13C, 31P NMR (in CDCl3) and IR spectra of m,m-1. 
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Figure S4. 1H NMR (in CDCl3) and IR spectra of poly(p,p-1-2a). 
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Figure S5. 1H NMR (in CDCl3) and IR spectra of poly(m,m-1-2a). 
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Figure S6. 1H NMR (in CDCl3) and IR spectra of poly(p,p-1-2b). 
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Figure S7. 1H NMR (in CDCl3) and IR spectra of poly(m,m-1-2b). 
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Figure S8. 1H NMR (in CDCl3) and IR spectra of poly(p,p-1-2c). 
 
 
 
 
 
60
100
70
80
90
4000 500100020003000
%T
Wavenumber [cm-1]
3448.10 cm-1
2958.27 cm-1
2927.41 cm-1
2870.52 cm-1
2346.46 cm-1
2095.76 cm-1
1658.00 cm-1
1595.32 cm-1
1559.17 cm-1
1502.76 cm-1
1261.70 cm-1
1213.01 cm-1
1172.99 cm-1
1095.37 cm-1
1025.94 cm-1
904.45 cm-1
833.58 cm-1
802.72 cm-1
765.60 cm-1
721.73 cm-1
1126-Y㻿-poly-pPt-An.jws[コメント情報]
試料名
コメント
測定者
所属
会社 関西大学化学生命工学部
[データ情報]
作成日時 2014/11/26 11:48
データタイプ 等間隔データ
横軸 Wavenumber [cm-1]
縦軸 %T
スタート 499.955 cm-1
エンド 4000.12 cm-1
データ間隔 0.482117 cm-1
データ数 7261    
[測定情報]
機種名 FT/I㻾-4200typeA
シリアル番号 B010461018
測定日時 2014/11/26 11:47
光源 標準光源
検出器 TG㻿
積算回数 32
分解 2 cm-1
ゼロフィリング On
アポダイゼーション Cosine
ゲイン Auto (8)
アパーチャー Auto (5 mm)
スキャンスピード Auto (2 mm/sec)
フィルタ Auto (30000 Hz)
a b, c 
d 
e, f, g, h 
Pt
P
PBu3
Bu Bu
a
b
c d
e f
g
h
n
ab
un
da
nc
e
0
0.
1
0.
2
0.
3
0.
4
0.
5
0.
6
0.
7
0.
8
X : parts per Million : 1H
12.0 11.0 10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0 -1.0 -2.0
H-shibu-pPt-An-poly-2.jdf 
 101 
 
 
Figure S9. 1H NMR (in CDCl3) and IR spectra of poly(m,m-1-2c). 
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Chapter 3 
 
 
 
Ligand Effect of the Platinum-Containing Conjugated Polymers on the Higher-order 
Structures and Properties 
 
 
 
 
Abstract 
The Sonogashira-Hagihara coupling polymerization of a D-
hydroxyphenylglycine-derived diiodoarylene monomer and platinum-containing 
diethynylphenylene monomers 1–6 with various substituents gave the corresponding 
polymers 1’–6’ with number-average molecular weights of 19,000–25,000 quantitatively. 
The polymers were soluble in CHCl3, CH2Cl2, THF and DMF. CD and UV–vis 
spectroscopic analysis revealed that 1’–6’ formed one-handed helices in THF/toluene 
mixtures, while formed chiral aggregates in THF/MeOH mixtures. The conjugation 
length of the polymer main chain was affected by the phosphine substituents coordinated 
to the platinum center. The polymers emitted fluorescence with quantum yields ranging 
from 0.8 to 1.2%. The fluorescence intensity was controllable by changing the phosphine 
substituents. 
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Introduction 
Phosphine ligands play important roles in activity and selectivity of transition 
metal catalysts. The bulkiness and electron-donation ability of phosphine ligands 
coordinated to metal centers are key importance for control the catalytic features. There 
are vast amount of reports on transition metal complexes ligating various phosphines, 
some of which are utilized as catalysts for hydrogenation and coupling reaction including 
tetrakis(triphenylphosphine)palladium(0) [Pd(PPh3)4]1 for the Mizoroki-Heck coupling,2 
Migita-Kosugi-Stille coupling,3 Negishi coupling,4 Sonogashira-Hagihara coupling5 and 
Suzuki-Miyaura coupling.6 Platinum (Pt) complexes ligating phosphines are widely 
employed as catalysts for hydrogenation7 and hydrosilylation.8 Four-coordinated Pt 
complexes commonly adopt a square-planer geometry including PtCl2 complexes ligating 
phosphines, which react with ethynyl compounds to form diethynyl Pt complexes ligating 
phosphines [–CºC-Pt(PR3)2-CºC–].9 Various arylene (Ar) groups are introducible in the 
backbone to obtain –CºC-Pt(PR3)2-CºC–Ar–, providing molecules with various photo-
electrical functions and ability to form supramolecular aggregates.10 We have recently 
reported the synthesis of novel optically active conjugated polymers containing Pt in the 
main chain, and investigation of the higher-order structures and the photoelectric 
properties of the polymers.11, 12 
The effect of phosphine substituents to diethynyl platinum compound was 
reported. Shashidhar and coworkers have investigated platinum acetylides ligating 
various phosphines such as butyl, cyclohexyl, phenyl, ethoxy and phenoxyphosphines.13 
The s-donating and p-accepting characters of the ligands remarkably affect the 
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HOMO→LUMO p-p* transition energy, and the conjugation length of the backbone by 
UV and IR spectroscopies. Wang and coworkers have reported the ligand effect on the 
secondary structures of platinum acetylides, i.e., the bulkiness of trialkylphosphine 
ligands plays an important role for the supramolecular polymerization and macroscopic 
gelation behaviors.14 Meanwhile, there is no systematic study on the effect of phosphine 
substituents on the secondary structures of conjugated polymers. In this study, we 
synthesize novel optically active conjugated polymers containing Pt in the main chain 
ligating various phosphines, and investigate the effect of phosphine ligands on the higher-
order structures. We also examine the photoelectric properties of the formed polymers to 
clarify the effect of phosphine ligands on the conjugation length. 
 
Experimental Section 
Measurements. 1H (400 MHz) and 13C (100 MHz) and 31P (162 MHz) NMR spectra 
were recorded on a JEOL ECA-400 or a JEOL ECS-400 spectrometer. IR spectra were 
measured on a JASCO FT/IR-4100 spectrophotometer. Melting points (mp) were 
measured on a Yanaco micro melting point apparatus. MALDI-TOF mass spectra were 
taken with a BRUKER microflex-KC under the following conditions. Matrix: CHCA, 
mass range: m/z 1–3,000, mode: linear (positive), laser power, 65–120 mV. Number- and 
weight-average molecular weights (Mn and Mw) of polymers were determined by SEC 
(TSK gel a-3000) using a solution of LiBr (10 mM) in N,N-dimethylformamide (DMF) 
as the eluent at 40 °C calibrated with polystyrene standards and SEC (columns: TSK gel 
-M, GMHXL, Shodex KF-805L × 3; JASCO RI-930, JASCO UV-1570, JASCO PU-
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980, JASCO DG-980-50, CO-965) using tetrahydrofuran (THF) as the eluent with 
polystyrene standards at 40 °C. CD and UV–vis absorption spectra were recorded on a 
JASCO J-820 spectropolarimeter. DLS measurements were performed using a Malvern 
Instruments Zetasizer Nano ZSP at 20 °C. The measured autocorrelation function was 
analyzed using a cumulant method. The Z-average values of the polymers were calculated 
from the Stokes-Einstein equations.  
 
Materials. 3’,5’-Diiodo-4’-hydroxy-N-a-tert-butoxycarbonyl-D-phenylglycine 
hexylamide,15 1-ethynyl-3-[2-(trimethylsilyl)ethynyl]benzene,12 and bis[(4-
ethynylphenyl)ethynyl]bis(butylphosphine)platinum (2)11 were synthesized according to 
the literature. Reagents including di-tert-butyl dicarbonate [(Boc)2O, TOKUYAMA], 4-
(4,6-dimethoxy-1,3,5-triazine-2-yl)-4-methylmorpholinium chloride (TRIAZIMOCH, 
TOKUYAMA), anhydrous THF (Wako, water max. 0.001%), Pd(PPh3)4 (Aldrich, assay 
99.9%) and CuI (Wako, 99.5%) were used as received.  
 
Monomer Synthesis. Bis[(4-ethynylphenyl)ethynyl]bis(trimethylphosphine)platinum (1). 
This compound was synthesized from dichlorobis(trimethylphosphine)platinum and 1-
ethynyl-3-[2-(trimethylsilyl)ethynyl]benzene in a manner similar to the reported 
method.11 White solid. Yields 53%. No mp was observed up to 250 °C. IR (KBr): 3294, 
3036, 2977, 2907, 2100, 1594, 1502, 1490, 1427, 1415, 1406, 1301, 1289, 1285, 1213, 
1186, 1172, 1100, 952, 864, 857, 847, 833, 744, 676, 661, 586, 547 cm–1. 1H NMR (400 
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MHz, CDCl3): d 1.76 (s, 18H, –PCH3), 3.09 [s, 2H, –CºC–H], 7.24–7.25 (d, J = 6.8 Hz, 
4H, Ar), 7.32–7.34 (d, J = 8.0 Hz, 4H, Ar). 13C NMR (100 MHz, CDCl3): d 15.4 [–PCH3], 
77.7, 84.1, 108.7, 110.9 [–CºC–H, –CºC–], 118.8, 128.9, 131.0, 131.9 [Ar]. 31P NMR 
(162 MHz, CDCl3): d -19.8 [J(Pt-P) = 2316 Hz, –PCH3]. Anal. Calcd for C26H28P2Pt: C, 
52.26; H, 4.72. Found: C, 52.03; H, 4.87.  
 
Bis[(4-ethynylphenyl)ethynyl]bis(trioctylphosphine)platinum (3). This compound was 
synthesized from dichlorobis(trioctylphosphine)platinum and 1-ethynyl-3-[2-
(trimethylsilyl)ethynyl]benzene in a manner similar to the reported method.11 Yellow 
liquid. Yields 51%. No mp was observed up to 250 °C. IR (KBr): 3318, 3073, 3031, 2925, 
2854, 2098, 1598, 1500, 1488, 1466, 1404, 1378, 1262, 1214, 1191, 1170, 1098, 1031, 
836, 801, 722, 644, 599, 544 cm–1. 1H NMR (400 MHz, CDCl3): d 0.87 [t, J = 5.4 Hz, 
18H, –P(CH2)7CH3], 1.18–1.34 [br, 48H, –PCH2CH2CH2(CH2)4CH3], 1.35–1.44 [m, 12H, 
–PCH2CH2CH2(CH2)4CH3], 1.55–1.66 [m, 12H, –PCH2CH2CH2(CH2)4CH3], 2.04–2.16 
[m, 12H, –PCH2CH2CH2(CH2)4CH3], 3.08 [s, 2H, –CºC–H], 7.17–7.19 (d, J = 6.3 Hz, 
4H, Ar), 7.30–7.32 (d, J = 6.0 Hz, 4H, Ar). 13C NMR (100 MHz, CDCl3): d 14.2, 22.8, 
24.1–24.5, 29.3, 31.3–31.5, 32.0 [–P(CH2)7CH3], 77.3, 84.3, 109.3, 112.0 [–CºC–H, –
CºC–], 118.1, 129.7, 130.7, 131.8 [Ar]. 31P NMR (162 MHz, CDCl3): d 4.13 [J(Pt-P) = 
2368 Hz, –P(CH2)7CH3]. Anal. Calcd for C68H112P2Pt: C, 68.83; H, 9.51. Found: C, 
68.82; H, 9.80. 
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Bis[(4-ethynylphenyl)ethynyl]bis(tricyclohexylphosphine)platinum (4). 1-Ethynyl-3-[2-
(trimethylsilyl)ethynyl]benzene (0.198 g, 1.0 mmol), [PtCl2(PCy3)2] (0.415 g, 0.5 mmol) 
and CuI (0.019 g, 0.1 mmol) were dissolved in Et3N/toluene = 2/1 (15 mL) under argon 
at 0 °C, and the resulting mixture was stirred with refluxing at 105 °C for 72 h. The 
mixture was filtered, and the filtrate was concentrated to obtain a brown solid. The 
residual mass was purified by silica gel column chromatography with hexane/ethyl 
acetate = 1/0–499/1 (v/v) as an eluent to obtain bis{3-[2-
(trimethylsilyl)ethynyl]phenylethynyl}bis(tricyclohexylphosphine)platinum as a yellow 
solid in 70% yield. A KOH (0.393 g, 0.7 mmol) solution in water (2 mL) was added to a 
solution of bis{3-[2-
(trimethylsilyl)ethynyl]phenylethynyl}bis(tricyclohexylphosphine)platinum (0.404 g, 
0.35 mmol) in THF/methanol (35 mL/25 mL) at 0 °C, and the resulting mixture was 
stirred at room temperature for 3 h. The mixture was filtered, and the filtrate was 
concentrated to obtain a yellow liquid. The residual mass was dissolved in ethyl acetate, 
and the resulting solution was washed with water, dried over anhydrous MgSO4, and then 
filtered. The filtrate was concentrated to obtain 4 as a yellow solid in 43% yield. No mp 
was observed up to 250 °C. IR (KBr): 3281, 3057, 2958, 2918, 2102, 1597, 1501, 1491, 
1482, 1435, 1377, 1216, 1186, 1099, 1028, 999, 839, 741, 707, 693, 547, 524, 515 cm–1. 
1H NMR (400 MHz, CDCl3): d 1.60–1.74 [br, 24H, –PCCH2–(CH2)–], 1.75–1.85 [br, 4H, 
–(CH2)–, –(CH2)–], 2.00–2.15 [br, 2H, –(CH2)–], 3.09 [s, 2H, –CºC–H], 7.13–7.16 (d, J 
= 6.3 Hz, 4H, Ar), 7.30–7.32 (d, J = 6.6 Hz, 4H, Ar). 13C NMR (100 MHz, CDCl3): d 
26.9, 27.9, 30.0, 33.6, 77.2, 84.5, 109.9, 115.9, 117.3, 130.3, 130.5, 131.8. 31P NMR (162 
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MHz, CDCl3): d 24.3 [J(Pt-P) = 2450 Hz, –PCy3]. MALDI-TOF MS. (m/z): [M + K]+ calcd 
for C56H77P2Pt, 1006.5; found, 1007.03. 
 
Bis[(4-ethynylphenyl)ethynyl]bis(triphenylphosphine)platinum (5). This compound was 
synthesized from dichlorobis(triphenylphosphine)platinum and 1-ethynyl-3-[2-
(trimethylsilyl)ethynyl]benzene in a manner similar to the reported method.11 Brown 
solid. Yields 74%. No mp was observed up to 250 °C. IR (KBr): 3281, 3057, 2958, 2918, 
2102, 1597, 1501, 1491, 1482, 1435, 1377, 1216, 1186, 1099, 1028, 999, 839, 741, 707, 
693, 547, 524, 515 cm–1. 1H NMR (400 MHz, CDCl3): d 1H NMR (400 MHz, CDCl3): d 
3.01 [s, 2H, –CºC–H], 6.20–6.22 (d, J = 6.6 Hz, 4H, Ar), 7.02–7.05 (d, J = 6.6 Hz, 4H, 
Ar), 7.33–7.42 (m, 18H, P–Ar), 7.77–7.81 (m, 12H, P–Ar). 13C NMR (100 MHz, CDCl3): 
d 77.2, 84.4, 113.3, 114.7, 117.8, 128.0, 130.4, 130.8, 131.0, 131.3, 131.6, 135.1 [Ar, P–
Ar]. 31P NMR (162 MHz, CDCl3): d 19.3 [J(Pt-P) = 2663 Hz, –PPh3]. Anal. Calcd for 
C56H40P2Pt: C, 69.34; H, 4.16. Found: C, 69.51; H, 4.52. 
 
Bis[(4-ethynylphenyl)ethynyl]bis(4-methoxyphenylphosphine)platinum (6). 1-Ethynyl-3-
[2-(trimethylsilyl)ethynyl]benzene (0.198 g, 1.0 mmol), [PtCl2(tri-4-
methoxyphenylphosphine)2] (0.485 g, 0.5 mmol) and CuI (0.019 g, 0.1 mmol) were 
dissolved in Et3N/THF = 1/14 (15 mL) under argon at 0 °C, and the resulting mixture was 
stirred with refluxing at 60 °C for 7 h. The mixture was filtered, and the filtrate was 
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concentrated to obtain a yellow solid. The residual mass was purified by silica gel column 
chromatography with hexane/chloroform = 1/0–1/1(v/v) as an eluent to obtain bis{3-[2-
(trimethylsilyl)ethynyl]phenylethynyl}bis(tri-4-methoxyphenylphosphine)platinum as a 
white solid in 74% yield. A KOH (0.164 g, 2.9 mmol) solution in water (1.5 mL) was 
added to a solution of bis{3-[2-(trimethylsilyl)ethynyl]phenylethynyl}bis(tri-4-
methoxyphenylphosphine)platinum (0.379 g, 0.29 mmol) in THF/methanol (29 mL/23 
mL) at 0 °C, and the resulting mixture was stirred at room temperature for 9 h. The 
mixture was filtered, and the filtrate was concentrated to obtain a yellow liquid. The 
residual mass was purified by silica gel column chromatography with CHCl3 as an eluent 
to obtain 6 as a yellow solid in 93% yield. No mp was observed up to 250 °C. IR (KBr): 
3281, 2958, 2835, 2099, 1595, 1569, 1500, 1458, 1440, 1404, 1289, 1253, 1180, 1101, 
1028, 826, 799, 717, 648, 535 cm–1. 1H NMR (400 MHz, CDCl3): d 3.03 [s, 2H, –CºC–
H], 3.78 (s, 18H, Ar–O–CH3), 6.28–6.31 (d, J = 6.6 Hz, 4H, Ar), 6.86–6.88 (d, J = 6.6 
Hz, 12H, PArOCH3), 7.05–7.07 (d, J = 6.0 Hz, 4H, Ar), 7.68–7.73 (m, 12H, PArOCH3). 
13C NMR (100 MHz, CDCl3): d 55.4 (Ar–O–CH3), 77.4, 84.4, 108.1, 112.9 [–CºC–H, –
CºC–], 113.5, 116.3, 117.6, 123.3, 129.5, 131.0, 136.6, 161.1 [Ar, P–Ar]. 31P NMR (162 
MHz, CDCl3): d 15.4 [J(Pt-P) = 2632 Hz, –P(PhOMe)3]. MALDI-TOF MS. (m/z): [M + 
K]+ calcd for C62H53O6P2Pt, 1150.3; found, 1149.9. 
 
Polymerization. All polymerizations were carried out in a glass tube equipped with a 
three-way stopcock under argon. In a typical experiment, a solution of Pd(PPh3)2 (5.7 mg, 
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5 µmol) in THF (0.4 mL or 0.8 mL) and a solution of CuI (0.95 mg, 5 µmol) in Et3N (0.6 
mL or 0.2 mL) were added to a mixture of 3’,5’-diiodo-4’-hydroxy-N-a-tert-
butoxycarbonyl-D-phenylglycine hexylamide (0.05 mmol) and monomers 1–6 (0.05 
mmol) under argon, and the resulting solution was kept at 60 °C for 24 h under argon. 
Then, the reaction mixture was poured into a large volume of hexane or pentane to 
precipitate a polymer. It was separated by filtration using a membrane filter 
(ADVANTEC H100A047A) and dried under reduced pressure.   
 
Spectroscopic Data of the Polymers. 1’: IR (KBr): 3407, 3333, 3048, 2952, 2927, 2868, 
2205, 2130, 2100, 1705, 1664, 1596, 1491, 1437, 1409, 1391, 1366, 1286, 1235, 1163, 
1121, 1099, 1028, 952, 913, 838, 797, 751, 723, 694, 542, 511 cm–1. 1H NMR (400 MHz, 
CDCl2CDCl2): d 0.63–0.94 (br, 3H, –CH2(CH2)4CH3), 1.00–1.81 [br, 21H, –
CH2(CH2)4CH3, –C(CH3)3], 3.00–3.40 [br, 2H, –CH2(CH2)4CH3], 5.00–5.20 (br, 1H, 
NHCO), 5.52–6.50 (br, 3H, C*H, OCONH, OH), 6.80–8.00 (br, 40H, Ar, PAr). 31P NMR 
(162 MHz, CDCl2CDCl2): d 19.3 [J(Pt-P) = 2684 Hz, –PMe3]. 2’: IR (KBr): 3412, 3318, 
2955, 2928, 2870, 2205, 2096, 1714, 1676, 1594, 1497, 1464, 1406, 1391, 1366, 1215, 
1169, 1121, 1093, 1051, 1030, 1012, 970, 911, 869, 836, 799, 752, 722, 693, 543, 532, 
511 cm–1. 1H NMR (400 MHz, CDCl2CDCl2): d 0.80–0.94 (br, 17H, –CH2(CH2)4CH3, –
CH2(CH2)2CH3), 1.13–1.48 [br, 41H, –C(CH3)3, (CH2)4, (CH2)2], 3.13–3.22 (br, 14H, –
CH2(CH2)4CH3, –CH2(CH2)2CH3), 5.12 (br, 1H, NHCO), 5.59 (br, 1H, C*H), 5.94 (br, 
1H, OCONH), 6.82–7.75 (br, 11H, OH, Ar). 31P NMR (162 MHz, CDCl2CDCl2): d 3.88 
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[J(Pt-P) = 2340 Hz–PBu3]. 3’: IR (KBr): 3439, 3064, 2952, 2922, 2853, 2207, 2097, 1697, 
1654, 1595, 1497, 1466, 1406, 1377, 1366, 1228, 1170, 1119, 1032, 912, 869, 836, 792, 
752, 722, 529, 517, 510, 503 cm–1. 1H NMR (400 MHz, CDCl2CDCl2): d 0.63–0.94 [br, 
21H, –CH2(CH2)4CH3, –P(CH2)7CH3], 1.00–1.70 [br, 93H, –CH2(CH2)4CH3, –C(CH3)3, 
–PCH2CH2CH2(CH2)4CH3, –PCH2CH2CH2(CH2)4CH3, –PCH2CH2CH2(CH2)4CH3], 
1.90–2.30 [br, 12H, –PCH2CH2CH2(CH2)4CH3], 3.15–3.25 [br, 2H, –CH2(CH2)4CH3], 
5.00–5.20 (br, 1H, NHCO), 5.60–5.90 (br, 2H, C*H, OCONH), 6.90–7.80 (br, 11H, Ar, 
OH). 31P NMR (162 MHz, CDCl2CDCl2): d 4.16 [J(Pt-P) = 2368 Hz, –POc3]. 4’: IR (KBr): 
3422, 2927, 2850, 2205, 2090, 1719, 1685, 1593, 1560, 1497, 1447, 1406, 1391, 1367, 
1297, 1267, 1230, 1174, 1130, 1050, 1028, 1006, 913, 899, 848, 835, 792, 741, 692, 539, 
511 cm–1. 1H NMR (400 MHz, CDCl2CDCl2): d 0.56–0.90 (br, 3H, –CH2(CH2)4CH3), 
1.00–2.30 [br, 51H, –CH2(CH2)4CH3, –C(CH3)3, –PCCH2–(CH2)–, –(CH2)–, –(CH2)–, –
(CH2)–], 3.00–3.30 [br, 2H, –CH2(CH2)4CH3], 5.00–5.20 (br, 1H, NHCO), 5.52–6.50 (br, 
2H, C*H, OCONH), 6.70–8.00 (br, 11H, Ar, OH). 31P NMR (162 MHz, CDCl2CDCl2): d 
24.7 [J(Pt-P) = 2424 Hz, –PCy3]. 5’: IR (KBr): 3413, 3053, 2955, 2926, 2673, 2199, 2102, 
1711, 1672, 1593, 1560, 1482, 1435, 1391, 1366, 1228, 1161, 1120, 1098, 1071, 1028, 
998, 912, 839, 796, 746, 723, 707, 692, 618, 542, 523, 514 cm–1. 1H NMR (400 MHz, 
CDCl2CDCl2): d 0.63–0.94 (br, 3H, –CH2(CH2)4CH3), 1.00–1.81 [br, 17H, –
CH2(CH2)4CH3, –C(CH3)3], 3.00–3.40 [br, 2H, –CH2(CH2)4CH3], 5.00–5.20 (br, 1H, 
NHCO), 5.52–6.50 (br, 3H, C*H, OCONH, OH), 6.80–8.00 (br, 40H, Ar, PAr). 31P NMR 
(162 MHz, CDCl2CDCl2): d 19.3 [J(Pt-P) = 2684 Hz, –PPh3]. 6’: IR (KBr): 3413, 3065, 
2958, 2928, 2836, 2199, 2100, 1712, 1676, 1594, 1569, 1500, 1461, 1438, 1405, 1367, 
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1290, 1253, 1180, 1102, 1028, 912, 827, 800, 752, 693, 651, 617, 536, 513 cm–1. 1H NMR 
(400 MHz, CDCl2CDCl2): d 0.70–0.90 (br, 3H, –CH2(CH2)4CH3), 1.10–1.23 [br, 8H, –
CH2(CH2)4CH3], 1.30–1.50 [br, 9H, –C(CH3)3], 3.00–3.25 [br, 2H, –CH2(CH2)4CH3], 
3.70–3.83 (br, 18H, –OCH3), 5.00–5.20 (br, 1H, NHCO), 5.62–5.90 (br, 3H, C*H, 
OCONH), 6.20–6.50, 6.70–7.00, 7.18–7.90 (br, 40H, Ar, PAr, OH). 31P NMR (162 MHz, 
CDCl2CDCl2): d 15.0 [J(Pt-P) = 2607 Hz, –P(C6H4-4-OMe)3].  
 
Computation. All calculations were performed with the GAUSSIAN 09 program,16 
EM64L-G09 Rev C.01 and D.01, running on the supercomputer system, Academic 
Center for Computing and Media Studies, Kyoto University. The HOMO-LUMO 
energy levels were calculated by the DFT17 method with the B3LYP functional18 in 
conjunction with the LANL2DZ19 basis set for Pt and the 6-31G* basis set for the other 
elements. In some cases, the integral equation formalism variant (IEFPCM) method was 
employed for the self-consistent reaction field (SCRF) to take into account solvent 
effects.20 
 
Results and Discussion 
Polymerization. The Sonogasira-Hagihara coupling polymerization of 3’,5’-diiodo-4’-
hydroxy-N-a-tert-butoxycarbonyl-D-phenylglycine hexylamide with –HCºCH-C6H4-
CºC-Pt(PR3)2-CºC–C6H4-CºCH 1–6 was carried out to obtain the corresponding 
polymers 1’–6’ with molecular weights ranging from 4,600 to 22,000 (Scheme 1, Table 
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1). In Et3N/THF = 3/2, the polymerization mixtures of 2 and 3 were homogeneous till the 
end of set time (24 h), while those of 1 and 5 became heterogeneous to give the polymers 
1’ and 5’ (runs 1 and 6 in Table 1) with lower Mn’s in lower yields compared with those 
of 2 and 3 (runs 3 and 4). In Et3N/THF = 1/4, the polymerization mixtures of 1 and 5 
proceeded homogeneously to give the polymers with higher Mn’s in higher yields (runs 2 
and 7) than the cases in Et3N/THF = 3/2 (runs 1 and 6).  
The IR and 31P NMR spectra of polymers 1’–6’ were measured to confirm the 
configuration of the Pt center (Figures S1–S6). All the polymers showed strong IR 
absorption peaks around 2,100 and 1,600–1,700 cm–1, assignable to the CºC triple bond 
coordinated to the Pt center and amide/carbamate groups at the side chains. The polymers 
showed triplet signals with coupling constants ca. 2,500 Hz in the 31P NMR spectra, 
indicating the trans-configuration of the Pt center (cf. coupling constant of common cis-
Pt complexes < 2,300 Hz). These results confirmed that the Sonogashira-Hagihara 
coupling polymerization of 3’,5’-diiodo-4’-hydroxy-N-a-tert-butoxycarbonyl-D-
phenylglycine hexylamide with –HCºCH-C6H4-CºC-Pt(PR3)2-CºC–C6H4-CºCH 1–6 
proceeded satisfactorily to give the corresponding Pt-containing polymers with cis-
configuration. 
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Scheme 1. Sonogashira-Hagihara Coupling Polymerization of 3’,5’-Diiodo-4’-hydroxy-
N-a-tert-butoxycarbonyl-D-phenylglycine Hexylamide with 1–6. 
Table 1. The Sonogashira-Hagihara coupling polymerization of 3’,5’-diiodo-4’-hydroxy-
N-a-tert-butoxycarbonyl-D-phenylglycine hexylamide with 1–6. a  
run monomer solvent yield b (%) Mn Mw/Mn 
1 1 Et3N/THF = 3/2 69 7,300 c 1.99 c 
2 1 Et3N/THF = 1/4 76 13,000 c 1.57 c 
3 2 Et3N/THF = 3/2 quant. 17,000 c 2.16 c 
4 3 Et3N/THF = 3/2 77 8,400 d 1.93 d 
5 4 Et3N/THF = 1/4 quant. 9,800 d 2.95 d 
6 5 Et3N/THF = 3/2 58 4,600 c 2.78 c 
7 5 Et3N/THF = 1/4 quant. 15,000 c 1.90 c 
8 6 Et3N/THF = 1/4 quant. 22,000 c 2.93 c 
a Conditions: [diiodo monomer]0 = [1–6]0 = 50 mM, [Pd(PPh3)4] = [CuI] = 5 mM in 
Et3N/THF = 3/2 or 1/4, at 60 °C for 24 h under argon. b Hexane- or pentane-insoluble 
part. c Estimated by SEC eluted with DMF (10 mM LiBr), polystyrene calibration. d 
Estimated by SEC eluted with THF, polystyrene calibration. 
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Optical Properties of the Polymers. First, the UV–vis spectra of Pt-containing 
diethynylarylene monomers 1–6 were measured to obtain information on the ligand effect 
on the optical properties (Figure 1). The monomers showed absorption peaks at 300–400 
nm, and the lmax values ranging from 327 to 362 nm. The longer lmax values of 1–6 than 
that of 1,4-diethynylbenzene (lmax = 300 nm) indicate the extension of conjugation of 
ethynyl–1,4-phenylene–ethynylene units through the Pt center. The order of lmax of the 
monomers was as follows, 4 (cyclohexyl) < 2 (butyl), 3 (octyl) < 1 (methyl) < 5 (phenyl) 
< 6 (4-methoxyphenyl) (Table 2). The lmax values of monomers 5 and 6 ligating 
triarylphosphines positioned at longer wavelength regions than those of monomers 1–4 
ligating tryalkylphosphines. The phosphine aryl groups seem to extend the conjugation 
more than the phosphine alkyl groups. The band gaps of the monomers calculated by the 
DFT method (Table 2) supported this trend as depicted in the plots of band gaps versus 
lmax of the monomers (Figure 2). It is likely that the conjugation length and the band gaps 
of the monomers are affected by the substituents on the phophine ligands. 
Figure 1. The UV–vis spectra of monomers 1–6 measured in THF (c = 0.02 mM) at 20 °C. 
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Table 2. lmax of monomers 1–6 and polymers 1’–6’, and band gaps of the monomers. 
monomer lmax 
a of 
monomer (nm) 
band gaps of 
monomer b (eV) polymer 
lmax a of 
polymer (nm) 
1 342 4.250 1’ 362 
2 338 4.246 2’ 368 
3 338 4.198 3’ 368 
4 327 4.177 4’ 370 
5 360 3.957 5’ 380 
6 362 3.914 6’ 385 
a Measured in THF (c = 0.02 mM) at 20 °C. b Calculated by the DFT method 
[B3LYP/6-31-G* (C, H, O, P)-LANL2DZ (Pt)]. 
 
Figure 2. Plot between the lmax and band gaps of monomer 1–6. 
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as listed in Table 3. These results indicate the extension of conjugation through the m-
linked ethynylene units. The effect of the phosphine ligands on the conjugation length 
was observed in a manner similar to that of the monomers. Figure 4 depicts the 
relationship between the lmax of the polymers and band gaps of the corresponding 
monomers. The almost linear relationship indicates the predictability of the conjugation 
length of the polymers based on the phosphine ligands of the monomer units. The 
bulkiness and electron density at the Pt moieties affect the conjugation length and band 
gaps of platinum-containing monomers and polymers in the solution state.  
Figure 3. UV–vis spectra of polymers 1’–6’ measured in THF (c = 0.02 mM) at 20 °C. 
Figure 4. The relationship between the band gaps of monomers 1–6 and the absorption 
maxima of polymers 1’–6’ measured in THF (c = 0.02 mM) at 20 °C. 
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Chiroptical Properties of the Polymers. We previously reported that polymer 2’ ligating 
tributylphosphine formed a chiral higher order structure in THF/toluene and 
THF/MeOH.11 Polymer 5’ exhibited no remarkable CD signal in THF, while exhibited 
CD signals at the absorption range of the main chain in THF/MeOH and THF/toluene 
mixed solvents (Figure 5). The CD intensities increased by raising the compositions of 
MeOH and toluene toward THF. Interestingly, 2’ showed bisignated CD signals,11 while 
5’ showed almost a monosignated signal. The presence of particles with average 
diameters of 94 and 43 nm was detected in solutions of 2’11 and 5’ in THF/MeOH = 1/9 
by DLS measurement, respectively (Table 3). Polymers 2’ and 5’ seem to form chiral 
higher-order structures in different manners in THF/MeOH mixed solvent. 
Figure 5. CD and UV–vis spectra of polymer 5’ measured in (a) THF/MeOH (c = 0.02 
mM) and (b) THF/toluene (c = 0.02 mM) with various compositions at 20 °C. 
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The CD and UV–vis spectra of the other polymers were also measured in THF, 
THF/MeOH = 1/9 and THF/toluene = 1/9 mixed solvents (Figures S7–12). In THF, all 
the polymers exhibited no CD signals in the absorption range of the polymer backbone. 
While in THF/MeOH = 1/9, all the polymers exhibited intense CD signals assignable to 
the polymer backbone. Interestingly, polymer 6’ exhibited a monosignated CD signal in 
a manner similar to 5’ while the other polymers exhibited bisignated CD signals. In other 
words, polymers 5’ and 6’ ligating triarylphosphines exhibited monosignated CD signals 
and polymers 1’–4’ ligating trialkylphosphines exhibited bisignated CD signals in 
THF/MeOH mixed solvent. In THF/toluene = 1/9, polymer 1’ exhibited intense CD 
signals while the other polymers exhibited weak CD signals. The phosphine ligands 
clearly affect the formation of chiral secondary structures in the solution state. Comparing 
the polymer 1’–3’ ligating tri-linear-alkylphosphines, the order of |De| was as follows, 1’ 
(methyl) > 2’ (butyl) > 3’ (octyl) in THF/toluene as listed in Table 3. In THF/MeOH, the 
order of |De| was as follows, 1’ (methyl) < 2’ (butyl) < 3’ (octyl), completely opposite to 
that in THF/toluene. These polymers likely to adopt one-handed helical conformation in 
THF/toluene, while they form chiral aggregates in THF/MeOH. Helical conformations of 
poly(phenyleneethynylene)s are induced and stabilized by intramolecular hydrogen 
bonding between side chains, and p-stacking of the polymer main chain. In the present 
polymers, long alkyl chains of phosphine ligands possibly prevent the polymer molecules 
from folding into a helical conformation with a suitable pitch for intermolecular 
interactions due to the repulsion between the alkyl chains of trialkylphosphines, 
especially when the alkyl chain length is long. On the other hand, the aggregated 
 123 
structures are possibly stabilized by intermolecular van der Waals interaction between the 
trialkylphosphines as well as intermolecular hydrogen bonding especially when the alkyl 
chain length is long, resulting in the strongest intensities of CD signals of polymer 3’ 
ligating trioctylphosphine among 1’–3’ in THF/MeOH. Polymer 4’ ligating 
tricyclohexylphosphine exhibited weaker CD signals than that of polymer 2’ both in 
THF/toluene and THF/MeOH. In THF/MeOH, the particle size of polymer 4’ was larger 
than those of the others. It is assumed that cyclohexyl groups disrupt the chiral 
arrangement of the polymer main chain to induce assemblies by adding MeOH as a poor 
solvent. In THF/toluene, the order of |De| of polymers 5’ and 6’ ligating triarylphosphines 
was 5’ (phenyl) > 6’ (4-methoxyphenyl). While in THF/MeOH, the order of |De| became 
opposite, 5’ (phenyl) < 6’ (4-methoxyphenyl). The methoxy groups affected the chirality 
of the secondary structures. 
 
Table 3. CD intensities and DLS data of polymers 1’–6’. 
polymer De a hydrodynamic radius b (nm) 
THF THF/toluene 
= 1/9 
THF/MeOH 
= 1/9 
THF THF/toluene 
= 1/9 
THF/MeOH 
= 1/9 
1’ — (—) +7.21 (-6.51) +4.25 (-2.93) — 244 59 
2’ +0.59 (-0.80) +2.53 (-4.00) +5.82 (-3.52) — — 94 
3’ — (—) +0.63 (-3.17) +6.60 (-3.52) — — 50 
4’ — (—) +1.67 (-2.82) +5.71 (-2.64) 18 — 113 
5’ -1.47 +2.15 (—) +3.84 (—) 9 — 43 
6’ -1.03 +0.59 (—) +5.45 (—) — — 27 
a De of the first and second (in parentheses) Cotton effects, c = 0.02 mM. b Determined by DLS, c 
= 0.02 mM. 
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Fluorescence Properties of the Polymers. The fluorescence spectra of polymers 1’–6’ 
were measured in THF. The polymers emitted fluorescence at 350–600 nm by excitation 
at the lmax (Figure 6) with quantum yields (F) ranging from 0.003–1.9% as listed in Table 
4. The F values of 5’ and 6’ ligating arylphosphines were smaller than those of 1’–4’ 
ligating alkylphosphines. Judging from the order of 3’ (octyl) < 2’ (butyl) < 1’ (methyl), 
a polymer ligating smaller alkylphosphines likely to exempt from fluorescence quenching 
to some extent presumably due to smaller van der Waals interaction between the alkyl 
groups. Polymer 4’ emitted green fluorescence with the emission maximum at 478 nm, 
while the other polymers emitted blue fluorescence with the emission maxima at 413–
439 nm. The fluorescence signal of 4’ was ca. 50 nm red-shifted than those of the other 
polymers. 
 
Figure 6. Fluorescence spectra of polymers 1’–6’ measured in THF (c = 0.02 mM) at 
20 °C, excited at the lmax.  
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Table 4. Absorption and emission data of polymers 1’–6’. a 
polymer lmax (nm) lemi (nm) F (%) 
1’ 352 413, 433 1.9 
2’ 368 414, 433 0.9 
3’ 368 413, 433 0.13 
4’ 370 478 0.02 
5’ 380 415, 439 0.01 
6’ 385 424 0.003 
a Measured in THF (c = 0.02 mM) at 25 °C.  
  
Conclusions 
In this article, we have demonstrated the synthesis of novel Pt-containing optically 
active poly(phenyleneethynylene)s 1’–6’ with various phosphine ligands by the 
Sonogashira-Hagihara coupling polymerization of 3’,5’-diiodo-4’-hydroxy-N-a-tert-
butoxycarbonyl-D-phenylglycine hexylamide and Pt-containing diethynyl monomers 1–
6 ligating various phosphines using Pd–Cu catalyst, and have examined the ligand effect 
on the chiroptical properties and higher-order structures. The conjugation of monomers 
1–4 and the corresponding polymers 1’–4’ ligating trialkylphosphines was shorter than 
that of monomers 4, 5 and polymers 4’, 5’ ligating triarylphosphines. The band gaps of 
the monomers showed a tendency same as those of lmax values. The conjugation length 
of the polymer main chain was affected by the phosphine ligands, i.e., the arylphosphine 
ligands extended the conjugation of the Pt-containing diethynyl units more largely than 
the alkylphosphine ligands. The polymers were CD-silent in THF, while CD-active in 
THF/MeOH and THF/toluene mixed solvents. The polymers emitted blue fluorescence 
around 350–600 nm in THF. The wavelength of emission maximum of polymer 4’ 
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ligating tricyclohexylphosphine was 39–65 nm redshifted than those of the other 
polymers. The order of quantum yields was as follows, 6’ (4-methoxyphenyl) ≈ 5’ (Ph) 
< 4’ (Cy) ≈ 3’ (C8H17) < 2’ (C4H9) << 1’ (CH3). In this research, we could successfully 
observe the ligand effect on the conjugation length, emission intensity and the higher-
order structures of platinum-containing poly(phenyleneethynylene)s. 
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Supporting Information 
Figure S1. IR (KBr) and 31P NMR (measured in CDCl2CDCl2) spectra of polymer 1’. 
 
Figure S2. IR and 31P NMR (measured in CDCl2CDCl2) spectra of polymer 2’. 
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Figure S3. IR (KBr) and 31P NMR (measured in CDCl2CDCl2) spectra of polymer 3’. 
 
Figure S4. IR (KBr) and 31P NMR (measured in CDCl2CDCl2) spectra of polymer 4’. 
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Figure S5. IR (KBr) and 31P NMR (measured in CDCl2CDCl2) spectra of polymer 5’. 
 
Figure S6. IR and 31P NMR (measured in CDCl2CDCl2) spectra of polymer 6’. 
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Figure S7. CD and UV–vis spectra of polymer 1’ measured in THF, THF/toluene = 1/9 
and THF/MeOH = 1/9 (c = 0.02 mM) at room temperature. 
 
Figure S8. CD and UV–vis spectra of polymer 2’ measured in THF, THF/toluene = 1/9 
and THF/MeOH = 1/9 (c = 0.02 mM) at room temperature. 
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Figure S9. CD and UV–vis spectra of polymer 3’ measured in THF, THF/toluene = 1/9 
and THF/MeOH = 1/9 (c = 0.02 mM) at room temperature. 
 
Figure S10. CD and UV–vis spectra of polymer 4’ measured in THF, THF/toluene = 1/9 
and THF/MeOH = 1/9 (c = 0.02 mM) at room temperature. 
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Figure S11. CD and UV–vis spectra of polymer 5’ measured in THF, THF/toluene = 1/9 
and THF/MeOH = 1/9 (c = 0.02 mM) at room temperature. 
 
Figure S12. CD and UV–vis spectra of polymer 6’ measured in THF, THF/toluene = 1/9 
and THF/MeOH = 1/9 (c = 0.02 mM) at room temperature. 
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Figure S13. CD and UV–vis spectra of polymers 2’ and 5’ measured in (a) THF/MeOH 
= 1/9, (b) THF and (c) THF/toluene = 1/9 at 20 °C (c = 0.02 mM). 
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Chapter 4 
 
 
 
Synthesis of the Platinum-Containing Conjugated Polymers by the Ligand Exchange 
Reaction 
 
Abstract 
Optically active poly(phenyleneethynylene) 1’ with a number-average molecular 
weight (Mn) of 15,000 containing –Pt(PPh3)2– in the main chain was synthesized by the 
Sonogashira-Hagihara coupling polymerization of 3’,5’-diiodo-4’-hydroxy-N-a-tert-
butoxycarbonyl-d-phenylglycine hexylamide and bis[(4-
ethynylphenyl)ethynyl]bis(triphenylphosphine)platinum 1. Polymer 1’ was soluble in 
CHCl3, CH2Cl2, THF and DMF, and adopted a predominantly one-handed folded 
conformation in THF/toluene mixed solvent. Polymer 1’ was reacted with 1,2-
bis(diphenylphosphinoethane) (dppe), 1,3-bis(diphenylphosphinoprpane) (dppp) and 1,4-
bis(diphenylphosphinobutane) (dppb) to give the corresponding polymers 2’, 3’, 4’ with 
Mn’s of 5,700–7,700 containing –Pt(dppe)–, –Pt(dppp)– and –Pt(dppb)– in the main chain 
quantitatively. Polymer 2’ exhibited intense CD signals in a fashion similar to 1’. One the 
other hands, polymer 3’, 4’ exhibited strong CD signals in various solvent. From DLS 
measurement, polymer 3’ forms a one-handed helix intramolecularly bridged and 
polymer 4’ forms an aggregate intramolecularly and/or intermolecularly bridged. 
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Introduction 
Metal-containing polyynes1 attract much attention because of the excellent photo-
electric and physical properties. Nickel, palladium and platinum (Pt) are commonly 
employed for metal polyynes due to the easy preparation and high stability.2–5 Polyynes 
containing Pt ligating tributylphosphines were firstly reported by Sonogashira, Hagihara 
and coworkers in the 1970s.2a Pyridine derivatives are also employed as ligands for Pt-
polyynes.6 Pt-containing polymers ligating other phosphines including triethyl and 
triphenylphosphines were reported by Schanze7 and coworkers. Bisphosphine Pt 
complexes possibly exist as cis and trans configurations at the Pt center. Some cis-Pt 
complexes ligating monophosphines are isolated, and they isomerize into trans at 160 °C.8 
On the other hand, no cis- but only trans-Pt-containing polyyns ligating triethyl and 
tributylphosphines are isolated, whose configuration was confirmed by the coupling 
constants of the 31P NMR spectra.7 There are a few reports concerning Pt-containing 
polyyns having cis-Pt center ligating monophosphines.9  
The ligand exchange reaction is one of the synthetic methods to prepare metal 
complexes with various ligands, wherein one ligand coordinated to a metal center is 
exchanged with another ligand to give the corresponding metal complex. There are 
various reports on the ligand exchange reaction of triphenylphosphine10 with other 
phosphines such as trialkylphosphines and diphosphines. Yashima and coworkers have 
reported the control of double helical structures of Pt containing dimers by ligand 
exchange reaction.10d,10h We have reported the synthesis of Pt-containing polymers 
ligating tributylphosphines, and investigation of the higher-order structures and emission 
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properties of the polymers11. At the moment, there is no report concerning the ligand 
exchange reaction of Pt polyynes. In this study, we synthesize novel Pt-containing 
optically active polymers by ligand exchange reaction, and examination on the 
transformation of the higher order structures. 
 
Experimental Section 
Measurements. 1H (400 MHz), 13C (100 MHz) and 31P (162 and 240 MHz) NMR were 
recorded on a JEOL ECA-400, a JEOL ECS-400 and a JEOL ECS-600 spectrometers. IR 
spectra were measured on a JASCO FT/IR-4100 spectrophotometer. Melting points (mp) 
were measured on a Yanaco micro melting point apparatus. Number- and weight-average 
molecular weights (Mn and Mw) of model compounds were determined by SEC (Shodex 
columns K803, K804, K805) eluted with CHCl3 as the eluent at 40 °C calibrated with 
polystyrene standards. Number- and weight-average molecular weights (Mn and Mw) of 
polymers were determined by SEC (TSK gel a-3000) using a solution of LiBr (10 mM) 
in N,N-dimethylformamide (DMF) as the eluent at 40 °C calibrated with polystyrene 
standards. CD and UV–vis absorption spectra were recorded on a JASCO J-820 
spectropolarimeter. DLS measurements were performed using a Malvern Instruments 
Zetasizer Nano ZSP at 20 °C. The measured autocorrelation function was analyzed using 
a cumulant method. The Z-average values of the polymers were calculated from the 
Stokes-Einstein equations. The X-ray experiments were carried out with a Rigaku RAXIS 
imaging plate area detector with graphite-monochromated MoKa radiation ( l = 0.71070 
). The crystal was mounted on a nylon loop at 150 °C. To determine the cell constant 
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and orientation matrix, three oscillation photographs were taken for each frame with an 
oscillation angle of 3° and exposure time of 30 s. Intensity data were corrected from the 
oscillation photographs, and the reflection data were corrected for Lorentz and 
polarization effects. The structures were solved by the direct method12 and expanded by 
the Fourier technique.13 Non-hydrogen atoms were refined anisotropically by a full-
matrix least-squares calculation. Hydrogen atoms were found from the difference Foureir 
map and isotropically refined. All calculations were performed by using the 
CrystalStructure14 and Crystals15 crystallographic software packages. 
 
Materials. 1-Ethynyl-3-[2-(trimethylsilyl)ethynyl]benzene was synthesized according to 
the literature.11b Reagents including di-tert-butyl dicarbonate [(Boc)2O, TOKUYAMA], 
4-(4,6-dimethoxy-1,3,5-triazine-2-yl)-4-methylmorpholinium chloride (TRIAZIMOCH, 
TOKUYAMA), anhydrous THF (Wako, water max. 0.001%), Pd(PPh3)4 (Aldrich, assay 
99.9%) and CuI (Wako, 99.5%) were used as received. 3’,5’-Diiodo-4’-hydroxy-N-a-
tert-butoxycarbonyl-D-phenylglycine hexylamide16 was synthesized according to the 
literature. 
 
Monomer Synthesis. Compound 1 was synthesized from dichloro-
bis(triphenylphosphine)platinum and 1-ethynyl-3-[2-(trimethylsilyl)ethynyl]benzene in a 
manner similar to the method reported for 2.11a Brown solid. Yields 74%. No mp was 
observed up to 250 °C. IR (KBr): 3281, 3057, 2958, 2918, 2102, 1597, 1501, 1491, 1482, 
1435, 1377, 1216, 1186, 1099, 1028, 999, 839, 741, 707, 693, 547, 524, 515 cm–1. 1H 
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NMR (400 MHz, CDCl3): d 1H NMR (400 MHz, CDCl3): d 3.01 [s, 2H, –CºC–H], 6.20–
6.22 (d, J = 6.6 Hz, 4H, Ar), 7.02–7.05 (d, J = 6.6 Hz, 4H, Ar), 7.33–7.42 (m, 18H, P–
Ar), 7.77–7.81 (m, 12H, P–Ar). 13C NMR (100 MHz, CDCl3): d 77.2, 84.4, 113.3, 114.7 
[–CºC–H, –CºC–], 117.8, 128.0, 130.4, 130.8, 131.0, 131.3, 131.6, 135.1 [Ar, P–Ar]. 31P 
NMR (162 MHz, CDCl3): d 19.3 [J(Pt-P) = 2663 Hz, –PPh3]. Anal. Calcd for C56H40P2Pt: 
C, 69.34; H, 4.16. Found: C, 69.51; H, 4.52. 
 
Synthesis of Polymer 1’. The polymerization was carried out in a glass tube equipped 
with a three-way stopcock under argon. A solution of Cl2Pd(PPh3)2 (5.7 mg, 5 µmol) in 
THF (0.8 mL) and a solution of CuI (0.95 mg, 5 µmol) in Et3N (0.2 mL) were added to a 
mixture of monomers 3’,5’-diiodo-4’-hydroxy-N-a-tert-butoxycarbonyl-D-
phenylglycine hexylamide (0.05 mmol) and 1 (0.05 mmol) under argon, and the resulting 
solution was kept at 60 °C for 24 h. Then, the reaction mixture was poured into a large 
volume of hexane to precipitate a polymeric mass. It was separated by filtration using a 
membrane filter (ADVANTEC H100A047A), and dried under reduced pressure to obtain 
polymer 1’. It was further purified by preparative by high performance liquid 
chromatography (HPLC) in order to remove Pd and Cu residues. IR (KBr): 3413, 3053, 
2955, 2926, 2673, 2199, 2102, 1711, 1672, 1593, 1560, 1482, 1435, 1391, 1366, 1228, 
1161, 1120, 1098, 1071, 1028, 998, 912, 839, 796, 746, 723, 707, 692, 618, 542, 523, 514 
cm–1. 1H NMR (400 MHz, CDCl3): d 0.63–0.94 (br, 3H, –CH2(CH2)4CH3), 1.00–1.81 [br, 
17H, –CH2(CH2)4CH3, –C(CH3)3], 3.00–3.40 [br, 2H, –CH2(CH2)4CH3], 5.00–5.20 (br, 
1H, NHCO), 5.52–6.50 (br, 3H, C*H, OCONH, OH), 6.80–8.00 (br, 40H, Ar, PAr). 31P 
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NMR (162 MHz, CDCl3): d 19.3 [J(Pt-P) = 2684 Hz, –PPh3].  
 
Ligand Exchange Reaction. The ligand exchange reaction was carried out in a Shlenk 
flask under argon. In a typical experiment, a solution of a diphosphine (10 µmol) in 
CHCl2CHCl2 (0.1 mL) was added to a solution of compound 1 or polymer 1 (10 µmol) 
in CHCl2CHCl2 (0.9 mL) under argon, and the resulting solution was kept at room 
temperature for 24 h. Then, the reaction mixture was poured into a large volume of hexane 
to precipitate a polymeric mass. It was separated by filtration using a membrane filter 
(ADVANTEC H100A047A), and dried under reduced pressure to obtain polymers.  
 
Spectroscopic Data of the Products of Ligand Exchange Reaction of 1 with dppe, 
dppp and dppb. 2: IR (KBr): 3278, 3050, 2952, 2918, 2846, 2102, 1597, 1491, 1475, 
1432, 1306, 1216, 1171, 1157, 1103, 1068, 1026, 998, 879, 838, 741, 693, 616, 547, 533, 
511 cm–1. 1H NMR (400 MHz, CDCl2CDCl2): d 2.35–2.53 [br, 4H, –PPh2(CH2)2Ph2P–], 
3.12 [s, 2H, –CºC–H], 6.96–6.98 (d, J = 8.0 Hz, 4H, Ar), 7.24–7.26 (d, J = 8.0 Hz, 4H, 
Ar), 7.28–7.52 (m, 16H, P–Ar), 7.79–7.92 (m, 4H, P–Ar). 31P NMR (162 MHz, 
CDCl2CDCl2): d 42.6 [J(Pt-P) = 2316 Hz, –PPh2(CH2)2Ph2P–]. 3: IR (KBr): 3282, 3231, 
3050, 2952, 2918, 2100, 1597, 1500, 1491, 1434, 1308, 1217, 1158, 1101, 1069, 1026, 
998, 970, 837, 791, 742, 693, 664, 546, 515 cm–1. 1H NMR (400 MHz, CDCl2CDCl2): d 
2.42–2.58 [br, 6H, –PPh2(CH2)3Ph2P–], 3.11 [s, 2H, –CºC–H], 6.99–7.01 (d, J = 8.0 Hz, 
4H, Ar), 7.12–7.23 (m, 12H, P–Ar, Ar), 7.25–7.38 (m, 8H, P–Ar), 7.66–7.75 (m, 4H, P–
Ar). 31P NMR (240 MHz, CDCl2CDCl2): d -6.04 [J(Pt-P) = 2212 Hz, –PPh2(CH2)3Ph2P–]. 
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3dimer: IR (KBr): 3284, 3050, 2959, 2920, 2099, 1597, 1500, 1491, 1435, 1308, 1215, 
1170, 1100, 1070, 1026, 998, 955, 838, 741, 692, 618, 546, 512 cm–1. 1H NMR (400 MHz, 
CDCl2CDCl2): d 2.80–3.02 [br, 12H, –PPh2(CH2)3Ph2P–], 3.08 [s, 4H, –CºC–H], 6.39–
6.46 (d, J = 8.4 Hz, 8H, Ar), 6.97–7.04 (d, J = 8.4 Hz, 8H, Ar), 7.16–7.22 (m, 16H, P–
Ar), 7.27–7.42 (m, 16H, P–Ar), 7.60–7.68 (br, 8H, P–Ar). 31P NMR (240 MHz, 
CDCl2CDCl2): d 11.8 [J(Pt-P) = 2594 Hz, –PPh2(CH2)3Ph2P–]. 4dimer: IR (KBr): 3283, 
3049, 2923, 2098, 1597, 1500, 1476, 1434, 1308, 1214, 1179, 1100, 1069, 1025, 998, 836, 
741, 693, 546, 513 cm–1. 1H NMR (400 MHz, CDCl2CDCl2): d 2.18, 2.89 [br, 16H, –
PPh2(CH2)4Ph2P–], 3.11 [s, 4H, –CºC–H], 6.52–6.54 (d, J = 6.6 Hz, 8H, Ar), 7.11–7.13 
(d, J = 6.6 Hz, 8H, Ar), 7.14–7.42 (m, 32H, P–Ar), 7.67–7.80 (m, 8H, P–Ar). 31P NMR 
(162 MHz, CDCl2CDCl2): d 9.79 [J(Pt-P) = 2555 Hz, –PPh2(CH2)4Ph2P–]. 4’’: IR (KBr): 
3282, 3050, 2923, 2098, 1596, 1477, 1434, 1308, 1261, 1199, 1119, 1100, 1026, 997, 836, 
742, 721, 692, 540 cm–1.  
 
Spectroscopic Data of the Polymers Obtained by the Ligand Exchange Reaction of 
1’ with dppe, dppp and dppb. 2’: IR (KBr): 3422, 3289, 3053, 2958, 2927, 2851, 2205, 
2107, 1735, 1701, 1685, 1671, 1648, 1596, 1570, 1560, 1540, 1522, 1484, 1466, 1436, 
1406, 1365, 1228, 1162, 1105, 1028, 999, 913, 839, 750, 705, 692, 533 cm–1. 1H NMR 
(400 MHz, CDCl2CDCl2): d 0.60–0.90 (br, 3H, –CH2(CH2)4CH3), 1.00–1.60 [br, 17H, –
CH2(CH2)4CH3, –C(CH3)3], 2.90–3.30 [br, 6H, –CH2(CH2)4CH3, –PPh2(CH2)2Ph2P–], 
5.00–5.90 (br, 3H, C*H, OCONH, OH), 6.60–8.20 (br, 30H, Ar, –PPh2(CH2)2Ph2P–). 31P 
NMR (162 MHz, CDCl2CDCl2): d 42.6 [J(Pt-P) = 2316 Hz, –PPh2(CH2)2Ph2P–]. 3’: IR 
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(KBr): 3414, 3295, 3053, 2952, 2927, 2857, 2205, 2100, 1707, 1671, 1595, 1560, 1484, 
1435, 1406, 1391, 1366, 1231, 1161, 1100, 1028, 999, 972, 913, 838, 792, 743, 693, 513 
cm–1. 1H NMR (400 MHz, CDCl2CDCl2): d 0.70–0.90 (br, 3H, –CH2(CH2)4CH3), 1.00–
1.80 [br, 17H, –CH2(CH2)4CH3, –C(CH3)3], 2.80–3.70 [br, 8H, –CH2(CH2)4CH3, –
PPh2(CH2)3Ph2P–], 5.00–5.95 (br, 3H, C*H, OCONH, OH), 6.80–8.00 (br, 30H, Ar, –
PPh2(CH2)3Ph2P–). 31P NMR (240 MHz, CDCl2CDCl2): d 12.2 [J(Pt-P) = 2547 Hz, –
PPh2(CH2)3Ph2P–]. 4’: IR (KBr): 3422, 3300, 3053, 2928, 2857, 2205, 2100, 1701, 1676, 
1595, 1570, 1560, 1540, 1522, 1484, 1435, 1406, 1366, 1229, 1167, 1101, 1028, 838, 741, 
693, 520 cm–1. 1H NMR (400 MHz, CDCl2CDCl2): d 0.70–0.85 (br, 3H, –CH2(CH2)4CH3), 
0.90–1.80 [br, 17H, –CH2(CH2)4CH3, –C(CH3)3], 2.40–3.35 [br, 10H, –CH2(CH2)4CH3, 
–PPh2(CH2)4Ph2P–], 5.00–5.95 (br, 3H, C*H, OCONH, OH), 6.30–8.10 (br, 30H, Ar, –
PPh2(CH2)4Ph2P–).  
 
Computation. All calculations were performed with the GAUSSIAN 09 program,17 
EM64L-G09 Rev C.01 and D.01, running on the supercomputer system, Academic 
Center for Computing and Media Studies, Kyoto University. The HOMO-LUMO energy 
levels were calculated by the DFT18 method with the B3LYP functional19 in conjunction 
with the LANL2DZ20 basis set for Pt and the 6-31G* basis set for the other elements. 
 
Results and Discussion 
Synthesis of Polymer 1’. The starting polymer, 1’ was synthesized by the Sonogashira-
Hagihara coupling polymerization of 3’,5’-diiodo-4’-hydroxy-N-a-tert-butoxycarbonyl-
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D-phenylglycine hexylamide and 1 as illustrated in Scheme 1. Optically active 
poly(phenyleneethynylene) 1’ with a number-average molecular weight (Mn) and 
polydispersity (Mw/Mn) of 15,000 and 1.9 containing –Pt(PPh3)2– in the main chain was 
obtained quantitatively. 
Scheme 1. Synthesis of polymer 1’. 
Ligand Exchange Reaction of Monomer 1. Prior to the ligand exchange reaction of 
polymer 1’, the ligand exchange reaction of monomer 1 was carried out with dppe, dppp 
and dppb (Scheme 2) as a model reaction to make the analysis easy. The model reaction 
was directly monitored by 1H and 31P NMR spectroscopies. Figure 1 depicts the 1H NMR 
spectra of 1 after the addition of dppp measured in CDCl2CDCl2 over a period of 0–24 
hours at room temperature. After 5 min, signals a and c at 6.19 and 7.78 ppm of 1 
completely disappeared, while signals a’, b’ and c’ at 6.45, 7.18 and 7.65 ppm appeared 
instead. As time progressed, the intensities of signals a’–c’ gradually decreased, while 
signals a” and c” appeared simultaneously, and the intensities gradually increased. The 
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similar trend was observed in the 31P NMR spectra as shown in Figure 2. After 5 min, 
signal y at 19.3 ppm (J = 2,663 Hz) assignable to a trans-phosphine completely 
disappeared, while signal y’ at 11.8 ppm (J = 2,594 Hz) assignable to another trans-
phosphine, and signal z at -4.9 ppm assignable to PPh3 appeared.10f As time progressed, 
the intensity of signal y’ gradually decreased, while signal y” at -6.0 ppm (J = 2,216 Hz) 
appeared simultaneously, and the intensity gradually increased. These 1H and 31P NMR 
spectroscopic changes indicate that the ligand exchange reaction consists of two steps. In 
the first step, trans-configurated 1 ligating PPh3 rapidly reacted with dppp to isomerize 
into another compound with trans-configurated phosphine accompanying the release of 
PPh3 completely. In the second step, the formed trans compound gradually isomerized 
into a cis compound. The first step was very fast, which was completed within 5 min. On 
the other hand, the second step was slow, which was uncompleted even after 122 h. 
 
Scheme 2. Ligand exchange reaction of 1 with dppp. 
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Figure 1. 1H NMR spectroscopic changes of a mixture of monomer 1 and dppp over a 
period of 0–24 hours measured in CDCl2CDCl2 (c = 0.01 M) at 25 °C. 
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Figure 2. 31P NMR spectroscopic changes of a mixture of monomer 1 and dppp over a 
period of 0–24 hours measured in CDCl2CDCl2 (c = 0.01 M) at 25 °C. 
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into a monomeric cis compound. As shown in Figure 3, the isomerization took place much 
faster in CDCl3 than that in CDCl2CDCl2, and was almost completed after 1440 min. The 
solvent effect on the ligand exchange was reported.21 Solvents such as DMF and DMSO 
coordinate to a metal center to form a metastable intermediate, which affects the kinetics 
of the ligand exchange reaction, and the isomerization of 1 may be also the case. 
 
Figure 3. Time courses of the transformation from 3dimer into 3 monitored in and CDCl3 
(blue) and CDCl2CDCl2 (red) (c = 0.01 M) at 25 °C by 1H NMR spectroscopy. 
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The conversion (isomerization rate) became fast by raising the reaction temperature. The 
isomerization was completed after 1,000 min at 75 °C. In the early stage of the reaction, 
a linear relationship was observed in the first order plot regarding the transformation from 
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3dimer into 3 (Figure 5, Figures S1–3). Figure 6 depicts the Arrhenius plot, wherein the 
values of rate constants k were calculated at the early stage of the reaction. The activation 
energy Ea and frequency factor A were calculated to be 55 kJ/mol and 2000 s–1, 
respectively. 
Figure 4. Time courses of the transformation from 3dimer into 3 monitored in 
CDCl2CDCl2 (c = 0.01 M) at 25–75 °C by 1H NMR spectroscopy. 
Figure 5. First-order plot of the transformation from 3dimer into 3 in CDCl2CDCl2 (c = 
0.01 M) at 45°C. 
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Figure 6. Arrhenius plot of the transformation from 3dimer into 3 in CDCl2CDCl2 (c = 
0.01 M). 
 
The reaction was also monitored by SEC eluted with CHCl3 (Figure 7). Monomer 
1 was eluted at a peak top of 31.5 min (Mtop = 625, polystyrene calibration). The peak 
completely disappeared after 10 min, while a new peak assignable to a higher-molecular-
weight trans compound, i.e. 3dimer appeared at 30.0 min (Mtop = 1,910). The peak at 33.0 
min (Mtop = 168) was assignable to PPh3 released by the exchange reaction of 1 with dppp. 
The intensity of the peak of 3dimer gradually decreased, while another peak appeared at 
31.5 min (Mtop = 625) after 4 h and the intensity gradually increased. Thus, these 1H/31P 
NMR spectroscopic and SEC analyses indicate that the ligand exchange reaction 
proceeded as illustrated in Scheme 3. The first step is the rapid ligand exchange reaction 
of 1 with dppp accompanying the release of PPh3 to give 3dimer. The second step is a slow 
isomerization from 3dimer with trans configuration into 3 with cis configuration. The 
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relative enthalpies and Gibbs free energies of 1, 3dimer and 3 were determined by DFT 
calculations. As described in Scheme 3, the first step was largely exothermic (DH = –39.5 
kJ/mol, DG = –53.5 kJ/mol), presumably due to the tight coordination with dppp than that 
with more flexible PPh3. p-Stacking between the phenylene moieties possibly contributes 
to the stability of 3dimer. The second step was endothermic (DH = +20.3 kJ/mol) in 
enthalpy, while exothermic (DG = –12.6 kJ/mol) in free energy. The cis configuration is 
commonly energetically unfavorable to trans counterpart in transition metal complexes,10f 
resulting in the unfavorable DH of 3 compared to 3dimer in the present case. On the 
contrary, the entropy gain by the transformation from conformationally constrained 3dimer 
into conformationally more flexible monomeric 3 leads to the favorable DG. 
Consequently, the rapid reaction rate from 1 to 3dimer, and slower reaction rate from 3dimer 
to 3 were well supported by the DG calculation by the DFT method. 
Figure 7. SEC charts (eluent: CHCl3, detector: RI) of a mixture of monomer 1 and dppp 
over a period of 0–24 hours in CHCl3 (c = 0.01 M) at 40 °C. 
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Scheme 3. Proposed mechanism of ligand exchange reaction monomer 1 with dppp 
followed by isomerization. The DH and DG values were calculated by the DFT method 
[B3LYP/6-31G* (C, H, P)-LANL2DZ (Pt)]. 
 
Figure 8 depicts the ORTEP drawings of 1, 3dimer and 3 obtained by the single 
crystal X-ray analysis. The single crystals of 3dimer were successfully obtained by storing 
the reaction mixture in a refrigerator at –20 °C just after mixing 1 and dppp. The X-ray 
data clearly confirms that 3dimer has two Pt centers bridged by two dppp ligands adopting 
trans configuration, while 3 has one Pt center bridged by one dppp ligand adopting cis 
configuration. Interestingly, 3 does not adopt a symmetrical conformation but a bent 
unsymmetrical conformation. 
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Figure 8. ORTEP drawings of 1, 3dimer and 3 (50% probability ellipsoids). 
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As mentioned above, monomer 1 with trans configuration reacted with dppp to 
give 3 with bent cis-configuration via 3dimer with trans configuration. It is likely that the 
degree of conjugation changes according to the reaction. The UV-vis spectroscopic 
changes during the reaction were monitored as shown in Figure 9. Monomer 1 showed 
the lmax at 361 nm (emax = 44,884) assignable to the trans H-C≡C-C6H4-C≡C-Pt-C≡C-
C6H4-C≡C-H chromophore. After 5 min, the lmax of the sample solution was observed at 
358 nm (emax = 40,174). It seems that the lmax and emax values of 1 and 3dimer are not so 
different, likely because both their configurations are trans. The absorption peak at 358 
nm gradually decreased to disappear after 24 h. Simultaneously, the absorption intensity 
around 330 nm gradually increased, and finally, a peak assignable to the cis-Pt(–C≡C–
1,4-C6H4–C≡C–H)2 chromophore appeared at 329 nm. The lmax was redshifted by the 
isomerization from trans into cis, indicating the longer conjugation of the linear trans 
structure than that of bent cis structure as predicted. The conjugation should be expanded 
through the Pt center. Thus, we successfully clarified the isomerization pathway from 
trans 1 into cis 3 via 3dimer having a trans dimeric structure by 1H/31P NMR and UV–vis 
spectroscopies, SEC, single crystal X-ray analysis along with DFT calculations. 
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Figure 9. UV–vis spectra of a mixture of monomer 1 and dppp over a period of 0–24 
hours measured in CHCl3 (c = 0.02 mM) at room temperature. 
 
The ligand exchange reaction of monomer 1 with dppe was also carried out 
(Scheme 4), and monitored by 1H and 31P NMR spectroscopies (Figures S4 and S5). After 
5 min, the 1H NMR peaks at 6.17 ppm and 31P NMR peak at 19.0 ppm assignable to 1 
completely disappeared. Simultaneously, new 1H and 31P NMR peaks appeared at 6.97 
and 42.6 ppm, respectively, and the peaks were intact after 48 hours. The coupling 
constant of the 31P NMR peak was 2,300 Hz, indicating the cis configuration of the P–
Pt–P moiety. These results indicate that cis Pt complex 2 was directly formed by the ligand 
exchange reaction of 1 with dppe, without going through a trans dimeric complex 
differently from the case with dppp. The structure of 2 was confirmed by single crystal 
X-ray analysis as shown in Figure S6. The P–Pt–P angle of 2 was 85.44 degree, which 
was 7.15 degree smaller than that of 3, as was reasonably explained by the shorter 
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ethylene chain of 2 than the propylene chain of 3. 
 
Scheme 5. Ligand exchange reaction of 1 with dppb. 
 
Ligand Exchange Reaction of Polymer 1. As described, the ligand exchange reaction 
of monomer 1 with dppe, dppp and dppb was carried out, and the behavior was clarified 
by various measurements. Next, the ligand exchange reaction of polymer 1’ with the 
diphosphines was carried out in CHCl2CHCl2 to obtain polymers 2’–4’ (Scheme 6, Table 
1). The 31P NMR spectra of the polymers were measured in CDCl2CDCl2 (Figure S11, 
Table 1). Polymer 1’ showed a triplet 31P NMR peak at 19.3 ppm with a coupling constant 
of 2,684 Hz, indicating the trans configuration of the P–Pt–P moieties in the main chain. 
On the other hand, polymer 2’ showed a triplet 31P NMR peak at 42.6 ppm with a coupling 
constant of 2,316 Hz, indicating the cis P–Pt–P configuration in the main chain.10f 
Polymer 3’ showed a 31P NMR peak with a coupling constant of 2,547 Hz at 12.2 ppm 
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assignable to trans P–Pt–P ligating dppb. A peak assignable to starting polymer 1’ 
remained, indicating the incomplete transformation of 1’ into 3’. Monomer 1 reacted with 
dppp to form 3dimer with trans configuration first, then transformed into 3 with cis 
configuration for 24 hours as describe above. On the other hand, no such dimeric species 
could be detected in the reaction of polymer 1’ with dppp, likely because the polymer 
main chain is less mobile than the monomer. Polymer 4’ did not show a clear 31P NMR 
peak. Monomer 1 reacted with dppb to form 4dimer and polymer 4’’ with trans 
configuration. So polymer 4’ reacted with dppb possibly consist of trans platinum parts 
bridged in the polymer chain or between polymer main chains. These bridging parts 
induce a complicated assemblies and 31P NMR signals. It was unfortunately difficult to 
determine the P–Pt–P configuration in the main chain. The average number of molecular 
weight, peaks top molecular weight and polydispersity was depicted on Table 1. The Mn 
of polymer 1’ is bigger than that of polymer 2’–4’. Cis platinum parts and trans bridging 
parts in polymer 2’–4’ induce the reduction of hydrodynamic radius. Therefore, the Mn 
of polymer 2’–4’ is smaller than that of polymer 1’. 
 
Scheme 6. Ligand exchange reaction of polymer 1’ with dppe, dppp and dppb. 
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Table 1. Ligand exchange reaction of polymer 1’ with dppe, dppp and dppb. a 
polymer 
yield 
(%)b 
Mn b Mw/Mn c Mtop c 31P NMR (ppm) d J(Pt-P) (Hz) d 
1’ quant. 15,000 1.9 39,000 19.3 2,684 
2’ quant. 5,800 1.8 7,400 42.6 2,316 
3’ quant. 5,700 1.9 8,300 12.2 2,547 
4’ quant. 7,700 2.4 9,700 — e — e 
a Conditions: [1’]0 = [dppe]0 = [dppp]0 = [dppb]0 =10 mM in CHCl2CHCl2 at room 
temperature for 48 h under argon. b Hexane-insoluble part. c Estimated by SEC eluted 
with DMF (10 mM LiBr), polystyrene calibration. d Measured in CDCl2CDCl2. e Could 
not be determined.  
 
The CD and UV–vis spectra of polymers 1’–4’ were measured in THF and 
CHCl2CHCl2 to obtain the information about the higher-order structures (Figure 10). The 
polymers showed UV–vis absorption bands around 300–420 nm. Table 2 lists the data of 
the maximum absorption length (lmax) of the polymers. Initial polymer 1’ showed the 
lmax at 380 nm, while cis polymer 2’ showed lmax at 345 nm, red-shifted by 35 nm from 
that of 1’. The trans/cis configuration of the Pt center apparently affected the conjugation 
length of the polymer main chain. The lmax of 3’ and 4’ with trans configurations 
appeared around 367–370 nm, 10–13 nm blue-shifted than that of 1’ also with trans 
configuration, indicating that the conjugation length is affected by the phosphine ligands. 
Namely, the conjugation of 1’ ligating triphenylphosphine is longer than those of 3’ and 
4’ ligating trialkylphosphines, presumably due to the contribution of the p-electrons of 
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the phosphine ligands of 1’. No remarkable difference was observed between 3’ and 4’. 
Polymers 1’ and 2’ showed no CD signal around the absorption range of the main 
chain. On the other hands, polymers 3’ and 4’ showed clear bisignate CD signals 
assignable to exciton coupling at the absorption range of the main chain. Polymer 1’ 
seems to adopt a chirally non-regulated extended conformation in THF because of the 
bulky triphenylphosphine ligands with trans configurated Pt center which disturbs the 
polymer to fold into a helix. Polymer 2’ also seems to adopt a chirally non-regulated 
conformation in THF, although 2’ consists of cis configurated Pt center leading to a 
compact structure compared with that of the trans counterpart. On the other hand, 3’ and 
4’ seem to form chirally regulated higher-order structures in solution state. 
Figure 10. CD and UV–vis spectra of polymers 1’, 2’, 3’ measured in THF and polymer 
4’ measured in CHCl2CHCl2 (c = 0.02 mM) at 20 °C. 
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various solvents (Figures S12–15 and Table 2). No particle larger than an average 
diameter of 10 nm was observed in THF solutions of polymers 1’, 2’ and 3’, indicating 
the absence of aggregates of the polymers. On the other hand, particles with an average 
diameter of 28 nm were observed in a CHCl2CHCl2 solution of 4’ (Table S1). It should 
be noted that 3’ and 4’ exhibited CD patterns in a similar manner as mentioned above, 
i.e., these two polymers form similar chirally regulated structures. It is assumed that both 
3’ and 4’ adopt predominantly one-handed helical structures, and 3’ exists unimolecularly 
while molecules of 4’ assemble into particles. The Pt centers of 3’ seem to be bridged by 
dppp intramolecularly, wherein the helical structures are fixed by bridging. On the other 
hand, the Pt centers of 4’ seem to be bridged intramolecularly and/or intermolecularly, 
wherein the helical structures are also fixed by bridging. Polymer 1’ showed intense CD 
signals by adding toluene and MeOH (Figure S12, Table 2). Polymer 2’ showed weak 
signals by adding toluene (Figure S13, Table 2). These results indicate that polymers 1’ 
and 2’ form chiral higher-order structures by adding toluene and MeOH. The CD 
spectroscopic measurement and DLS analysis of polymers 3’ and 4’ were performed in 
various solvents (Figures S14 and 15, Table 2). In THF and THF/toluene = 1/9, polymer 
3’ showed the same CD and UV–vis signals. In THF/toluene mixed solvent, the presence 
of particles with a diameter of 1,500 nm was observed. Polymer 3’ seems to be assembled 
by adding toluene, keeping the helix structure. By adding MeOH and DMF, the intensities 
of the CD signals slightly decreased. These results indicate that the chiral helical structure 
of 3’ was slightly affected by solvents. On the other hand, polymer 4’ showed 
monosignated signals and the maximum wavelength of UV–vis signals, which are 3–6 
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nm red-shifted in THF/MeOH and THF/DMF compared with that in THF. The chiral 
secondary structure of 4’ was affected more largely than 3’. 
 
Table 2. lmax and hydrodynamic diameters of polymers 1’–4’. 
 
polymer 
 
lmax a 
(nm) 
hydrodynamic diameter (nm) b 
THF THF/MeOH 
= 1/9 
THF/hexane 
= 1/9 
THF/toluene 
= 1/9 
THF/DMF 
= 1/9 
1’ 380 9.0 43 — c — c — c 
2’ 345 5.3 14 630 1500 — c 
3’ 367 4.4 13 1020 300 — c 
4’ 370 d — e — e — e — e — e 
a Measured in THF (c = 0.02 mM, 20 °C). b Measured by DLS (c = 0.02 mM) at 25 °C). 
c Not observed. d Measured in CHCl2CHCl2 (c = 0.02 mM) at 20 °C. e Could not be 
measured due to insolubility. 
 
The CD and UV–vis spectra of polymers 3’ and 4’ were measured at various 
temperatures as shown in Figure 11 to check the temperature effect on the higher-order 
structures in solution state. The CD and UV–vis absorption intensities of 3’ decreased by 
raising the temperature. At 60 °C, the intensity of the CD signal of 3’ around 400 nm 
decreased to 61% of that at –10 °C. On the other hand, the degree of decrease for the CD 
and UV–vis absorption intensities of 4’ by raising the temperature was smaller than the 
case of 3’. At 60 °C, the intensity of the CD signal of 4’ around 400 nm decreased to 74% 
of that at –10 °C. The temperature dependence of 4’ was smaller than that of 3’. It is likely 
that the larger conformational stability of 4’ is caused by the intermolecular bridging as 
well as intramolecular bridging suggested by the DLS measurement as listed in Table S1. 
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Figure 11. CD and UV–vis spectra of (a) polymer 3’ measured in THF (c = 0.02 mM) 
and (b) polymer 4’ measured in CHCl2CHCl2 (c = 0.02 mM) ranging from –10 to 60 °C. 
 
The solid state morphology of the polymers was analyzed using TEM. The sample 
of polymer 1’ exhibited particles with a diameter ranging from 100 to 500 nm as shown 
in Figure 12. The samples of polymers 2’ and 3’ also exhibited particles with diameters 
smaller than 100 nm. On the other hand, the sample of polymer 4’ did not exhibit such 
particle pattern at all. Polymers 1’–3’ seem to assemble to form particles, while polymer 
4’ does not form assemblies but a homogenous film, presumably because intermolecular 
bridges prevent the molecules of 4’ from aggregating. These results indicate that the 
bridging ligands remarkably affect the higher-order structures of the polymers in the solid 
state as well as the solution state. 
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Figure 12. TEM images of samples of polymers 1’–3’ fabricated on quartz plates from 
THF solutions, and a sample of polymer 4’ fabricated on a quartz plate from a 
CHCl2CHCl2 solution (2 mg/mL). 
 
Conclusions 
In this paper, we have demonstrated the ligand exchange reaction of Pt-containing 
optically active conjugated polymer 1’ with dppe, dppp and dppb, and effect of phosphine 
ligands on the higher order structures. We have investigated the mechanistic aspects of 
the ligand exchange reaction of monomer 1 by 1H, 31P NMR and X-ray crystal analysis 
as a model system for the polymer reaction. The ligand exchange reaction of 1 with dppp 
1’ 2’
3’ 4’
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consisted of two steps. The first step was the formation of 3dimer with trans configuration 
by the rapid exchange of PPh3 of 1 with dppp. The second step was the isomerization 
from 3dimer into 3 with cis configuration. The reaction pathway could be clearly explained 
by the change of DG of each step calculated by the DFT method. On the contrary, the 
ligand exchange reaction of 1 with dppe gave no trans dimer ligating dppe but 2 with cis 
configuration by the rapid exchange of PPh3 with dppe. The reaction of 1 with dppb gave 
4dimer, followed by transformation into polymer 4”. No transformation from 4dimer into 4 
with cis configuration took place. Thus, the behavior of the exchange reaction of 1 was 
dramatically different depending on the methylene chain length of the diphosphines. 
Namely, dppe with a short –(CH2)2– chain selectively gave cyclic cis complex 2 in one 
step. On the contrary, dppp with a medium –(CH2)3– chain gave trans cyclic trans 
complex 3dimer, which gradually transformed cyclic cis complex 3. Dppb with a long –
(CH2)4– chain also gave trans cyclic trans complex 4dimer, which did not transform into 
cyclic cis complex 4 but transformed into trans polymer complex 4”. These results 
suggest the possibility of control over conformation of the corresponding polymers by 
the length of methylene chains of diphosphine ligands. In fact, the ligand exchange 
reaction of polymer 1 with dppe, dppp and dppb gave the corresponding polymers 
showing completely different properties. Starting polymer 1’ and dppe-based polymer 2’ 
exhibited negligibly small CD signals in the solution state, indicating the absence of chiral 
higher-order structures. On the other hand, dppp- and dppb-based polymers 3’ and 4’ 
exhibited intense CD signals assignable to the main chain chromophores, indicating the 
formation of chiral higher order structures likely stabilized by diphosphine-bridging. The 
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DLS analysis indicated that dppp-based polymer 3’ adopted a predominantly one-handed 
helix, and dppb-based polymer 4’ formed chiral aggregates. Thus, we could successfully 
control the secondary structures of the polymers formed by the ligand exchange reaction, 
based on the configuration of the Pt center in conjunction with intra/intermolecular 
bridging with diphosphines between the Pt center in the polymer main chain. We believe 
that the present study provides a new strategy for controlling the geometry, conjugation 
length, and secondary structures of metal-containing polymers. 
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Supporting Information 
Figure S1. First-order plot of the transformation from 3dimer into 3 in CDCl2CDCl2 (c = 
0.01 M) at 25°C. 
 
Figure S2. First-order plot of the transformation from 3dimer into 3 in CDCl2CDCl2 (c = 
0.01 M) at 55°C. 
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Figure S3. First-order plot of the transformation from 3dimer into 3 in CDCl2CDCl2 (c = 
0.01 M) at 75°C. 
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Figure S4. 1H NMR (400 MHz) spectroscopic changes of a mixture of monomer 1 and 
dppe over a period of 0–24 hours measured in CDCl2CDCl2 (c = 0.01 M) at 25 °C. 
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Figure S5. 31P NMR (162 MHz) spectroscopic changes of a mixture of monomer 1 and 
dppe over a period of 0–24 hours measured in CDCl2CDCl2 (c = 0.01 M) at 25 °C. 
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Figure S6. ORTEP drawings of 2 (50% probability ellipsoids). 
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Figure S7. 1H NMR (400 MHz) spectra of monomer 1 reacted with dppb in CDCl2CDCl2 
(c = 0.01 M) at 25°C. 
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Figure S8. 31P NMR (162 MHz) spectra of monomer 1 reacted with dppb in CDCl2CDCl2 
(c = 0.01 M) at 25°C. 
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Figure S9. SEC charts (eluent: CHCl3, detector: RI) of a mixture of monomer 1 and dppb 
over a period of 0–24 hours in CHCl3 (c = 0.01 M) at 40 °C. 
 
 
Figure S10. SE C charts (eluent: CHCl3, detector: RI) of a mixture of monomer 1 and 
dppb over a period of 10min and 48 hours in CHCl3 (c = 0.01 M) at 40 °C. 
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Figure S11. 31P NMR (162 and 240 MHz) spectra of polymers 1’, 2’, 3’, 4’ measured in 
CDCl2CDCl2 (20 °C). 
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Figure S12. CD and UV–vis spectra of polymers 1’ measured in various solvents (c = 
0.02 mM, 20 °C). 
 
Figure S13. CD and UV–vis spectra of polymers 2’ measured in various solvents (c = 
0.02 mM, 20 °C). 
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Figure S14. CD and UV–vis spectra of polymers 3’ measured in various solvents (c = 
0.02 mM, 20 °C). 
 
Figure S15. CD and UV–vis spectra of polymers 4’ measured in various solvents (c = 
0.02 mM, 20 °C). 
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Table S1. lmax and hydrodynamic diameters of polymer 4’. 
 
polymer 
 
lmax a 
(nm) 
hydrodynamic diameter (nm) b 
CHCl2CHCl2 CHCl2CHCl2/ 
MeOH = 1/9 
CHCl2CHCl2/ 
hexane = 1/9 
CHCl2CHCl2/ 
toluene = 1/9 
CHCl2CHCl2/ 
DMF = 1/9 
4’ 370 28.0 — c 1200 3000 20 
a Measured in CHCl2CHCl2 (c = 0.02 mM) at 20 °C. b Measured by DLS (c = 0.02 mM) at 25 °C. 
c Could not be observed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 183 
List of Publications 
 
Chapter 1 
“Synthesis of Optically Active Conjugated Polymers Containing Platinum in the Main 
Chain. Control of the Higher-order Structures by Substituents and Solvents” 
Miyagi, Y.; Hirao, T.; Haino, T.; Sanda, F.  
J. Polym. Sci., Part A: Polym. Chem. 2015, 53, 2452–2461. 
 
Chapter 2 
“Synthesis of Platinum-Containing Poly(phenyleneethynylene)s Having Various 
Chromophores: Aggregation and Optical Properties” 
Miyagi, Y.; Shibutani, Y.; Otaki, Y.; Sanda, F.  
Polym. Chem. 2016, 7, 1070–1078. 
 
Chapter 3 
“Synthesis and Properties of Platinum-containing Optically Active Conjugated Polymers 
with Various Phosphine Ligands” 
Miyagi, Y.; Sanda, F.  
under preparation 
 
Chapter 4 
“Synthesis of Optically Active Platinum-containing Conjugated Polymers and Control of 
the Higher-order Structures by Ligand Exchange Reaction” 
Miyagi, Y.; Sano, N.; Yajima, T.; Sanda, F.  
under preparation 
 
 
 
 184 
Other Publications Not Included in This Thesis 
 
“Synthesis of Novel Optically Active Poly(phenyleneethynylene-aryleneethynylene)s 
Bearing Hydroxy Groups. Examination of the Chiroptical Propeties and Conjugated 
Length” 
Sogawa, H.; Miyagi, Y.; Shiotsuki, M.; Sanda, F.   
Macromolecules 2013, 46, 8896–8904. 
 
“Synthesis of Optically Active Conjugated Polymers Bearing m-Terphenylene Moieties 
by Acetylenic Coupling Polymerization: Chiral Aggregation and Optical Properties of the 
Product Polymers” 
Miyagi, Y.; Sogawa, H.; Shiotsuki, M.; Sanda, F.  
Macromolecules 2014, 47, 1594–1603. 
 
“Synthesis and Properties of Poly(phenyleneethynylene)s Bearing Perylene Moieties at 
the Side Chains” 
Akinobu Hashimoto, A.; Miyagi, Y.; Sogawa, H.; Yamamoto, S.; Sanda, F.  
Chem. Lett. 2014, 43, 1622–1624. 
 
“Synthesis and Helical Structures of Poly(ω-alkynamide)s Having Chiral Side Chains: 
Effect of Solvent on Their Screw-Sense Inversion” 
Suzuki, Y.; Miyagi, Y.; Shiotsuki, M.; Inai,Y.; Masuda, T.; Sanda, F. 
Chem. Eur. J. 2014, 20, 15131–15143. 
 
“Photo-induced Formation of Azobenzene-based CD-active Supramolecular Cyclic 
Dimer” 
Sogawa, H.; Terada, K.; Miyagi, Y.; Shiotsuki, M.; Yoshihito Y.; Inai, Y.; Masuda, T.; 
Sanda, F. 
Chem. Eur. J. 2015, 21, 6747–6755. 
 185 
“Synthesis and Properties of Novel Optically Active Poly(thiophenyleneethynylene-
phenyleneethynylene)s” 
Otaki, Y.; Miyagi, Y.; Sanda, F.  
Chem. Lett. 2015, 44, 1013–1015. 
 
“Polymerization of Substituted Acetylenes by Well-defined Palladium Complex 
Catalysts” 
Rodriguez Castanon, J.; Miyagi, Y.; Otaki, Y.; Sanda, F.  
Kobunshi Ronbunshu. 2015, 72, 208–217. 
 
“Synthesis and Properties of Novel Optically Active Platinum-containing 
Poly(phenyleneethynylene)s” 
Otaki, Y.; Marumoto, M.; Miyagi, Y.; Hirao, T.; Haino, T.; Sanda, F.  
Chem. Lett. 2016, 7, 1070–1078. 
 
 
 
 
 
 
 
 
 
 
 
 187 
Acknowledgements 
This thesis presents the studies that the author carried out at the Department of 
Polymer Chemistry, Kyoto University, during the years from 2012 to 2014 and Faculty 
of Chemistry, Materials, Bioengineering, Kansai University, during the years from 2014 
to 2017 under the supervision of Professor Fumio Sanda. 
The author would like to express his deepest appreciation to Professor Fumio 
Sanda for his continuous guidance, valuable suggestions, and encouragement throughout 
the present thesis. The author is also grateful to Professor Hiroyuki Aota and Professor 
Hiroto Kudo for their helpful suggestions. 
The authors are grateful to Prof. Kenneth B. Wagener and Dr. Kathryn R. Williams 
at the University of Florida for their helpful suggestions and comments, Professor 
Takeharu Haino for the measurement of atomic force microscopy, Dr. Kimihiro 
Matsukawa, Dr. Motohiro Shizuma, Dr. Seiji Watase and Mr. Masashi Nakamura at 
Osaka Municipal Technical Research Institute for the measurement of mass spectrometry 
and 31P NMR spectroscopy, Professor Yutaka Nishiyama and Professor Rui Umeda for 
the measurement of absolute fluorescence quantum yields, Professor Tatsuo Yajima for 
the analysis of single crystal X-ray structures. 
The author wishes to express his gratitude to Professor Masashi Shiotsuki and 
Professor Hiromitsu Sogawa for their helpful advice and discussion during this research. 
Sincere thanks are due to all colleagues in the Sanda Laboratory for their discussion, and 
particularly, to Mr. Yoshinori Otaki and Ms. Yuno Shibutani for their collaborations in 
this thesis.  
 188 
Finally, the authors would like to give his greatest thanks to his family, especially his 
parents, Mr. Kiyoshi Miyagi and Mrs. Hiroko Miyagi for their constant assistance and 
kind-hearted encouragement. 
Yu Miyagi 
November 2016 
 
 
 
 
